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Abstract 
TiO2 is widely considered as a promising photocatalyst to degrade various organic 
pollutants in water, and to harvest sunlight renewable energy application. However, 
the efficiency of the photocatalytic reaction using TiO2 is not high due to its wide 
band-gap (3.22 eV, corresponding to the wavelength of 385 nm), which corresponds 
to the lower end of the wavelengths of solar light. 
 
The aim of this project is to use a continuous hydrothermal flow synthesis (CHFS) 
technique and other post-treatment methods to synthesize and tailor nano-TiO2 and 
TiO2-related photocatalysts for improved photoactivity. It was demonstrated that the 
rapid crystallising environment in a CHFS system resulted in the anatase phase of 
TiO2 (ca. 5 nm) with a high surface area and a high crystallinity. The CHFS system 
provides a flexible route of doping TiO2 at the atomic level (lattice doping) either to 
decrease the band-gap or to introduce intra-band gap states, which allow activation by 
visible-light. The structures of the resulting nanocatalysts were investigated using 
powder X-ray diffraction (XRD) and Raman spectroscopy. The quantity and chemical 
nature of the catalyst surface were determined by X-ray photoelectron spectroscopy 
(XPS). Morphologies of the products were characterized by Transmission Electron 
Spectroscopy (TEM) and Scanning Electron Spectroscopy (SEM). Band-gap energy 
was determined by UV-Vis spectrophotometry. A TiO2-CeO2 composite catalyst was 
successfully synthesized by CHFS. A stable solid-solution was indentified, which 
leads to a totally different optical property (i.e. with a narrow band-gap) when mixed 
with a methylene blue (MB) dye solution. All the composites materials show 
improved photodecolourisation rates. Novel 2D sodium titanate nano-sheets (ca. 400
×500 nm) were developed with a high concentration of NaOH into the reactor. This 
material exhibits the highest photocatalytic efficiency amongst all materials being 
tested in this project. Several post-treatment methods were also adopted to further 
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modify the CHFS-prepared nano-TiO2 samples. By heat-treating nano-TiO2 powder in 
air, the crystallinity of the sample was increased. By exposing the nano-TiO2 to 
ammonia atmosphere at a range of temperatures, products ranging from N-doped 
anatase TiO2 to phase-pure titanium nitride (TiN) were successfully obtained. 
N-doped TiO2 materials showed significant red-shift in band-gap. Surface 
modification of TiO2 in vanadium salt leads to a high surface absorbability and 
photo-oxidising power. Among all the modified samples, some of them indeed 
exhibited improved photocatalytic activity over the unmodified nano-TiO2. Moreover, 
the microwave dielectric properties of selected TiO2 samples (metal ion lattice doped) 
were also examined using sintered TiO2 discs. The results suggest that a useful 
dielectric resonator material can be achieved by introduction of certain dopants in 
combination with a spark plasma sintering (SPS) method. 
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Chapter 1 Literature Review 
With increased interest in green and nanotechnology, the manufacture of crystalline 
nanomaterials is important for technology applications. The properties can change 
dramatically at nanoscale range, and many size-dependent properties are observed 
(Sengul et al. 2008). Nanoparticles have a massively increased surface area to mass 
ratio compared to large particles, resulting in surface properties are dominated over 
bulk properties, thus altering their chemical behaviors. The utilization of nanosized 
semiconductors, especially TiO2, as a photocatalyst has been paid great attention 
(Fujishima & Honda 1972). The ultrafine TiO2 has become an extremely well 
researched field due to practical interest in air and water purification (Li et al. 2002; 
Ao et al. 2005), self-cleaning surfaces (Wu et al. 2007; Mills et al. 2002), pollutant 
destruction (Mills et al. 1993 & 2008), antibacterial coating (Zhang et al. 2008; Choi 
et al. 2007), and hydrogen production from water (Houlihan et al. 1976; Shaban & 
Khan 2008). Besides that, TiO2 ceramic is also a useful microwave dielectric 
resonating material for wireless communication, possessing high dielectric constant 
and quality factor. Many reports have been published in synthesizing nano-TiO2 
materials using various methods previously (Cui et al. 2008; Pearton et al. 2004). 
More recently, potential of rapid continuous methods for manufacture of 
nanomaterials were developed using supercritical water, representing a promising 
route for inorganic nanomaterials synthesis (Adschiri et al. 1992; Darr & Poliakoff 
1999). 
 
The intention of the review is not to be comprehensive, but to provide a general 
overview of the relevant research publications to date. In this chapter, a general 
background of TiO2 semiconductor and its applications, particularly as a 
photocatalyst and a microwave dielectric resonator, are presented. Following the 
background is a description of synthesis methods of TiO2 ceramics. Finally, a review 
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of relevant studies of supercritical water and continuous hydrothermal flow synthesis 
(CHFS) method is provided. Before reviewing, it is important to outline the basic 
concept of nanomaterials and nanotechnology. 
1.1 Nanotechnology and nanoceramics 
1.1.1 Nanotechnology and nanomaterials 
Based on the definition given by The Royal Academy of Engineering in the 
publication of Nanoscience and Nanotechnology (2004), Nanotechnology is the 
“design, production and characterization of materials, devices and systems by 
controlling shape and size at nanometer scale”. The concept of “nano” was first 
proposed by the physicist Richard Feynman (1959), who explored the possibility of 
manipulating material at the scale of individual atoms and molecules. 
 
Nanotechnology covers many areas including nanomaterials, electronics, 
optoelectronics, information technology and biotechnology and medicine. Due to the 
extremely small size of less than 100 nm, nanomaterials process a higher surface area. 
At this scale, quantum effects are more important in determining the properties and 
characteristics of the materials. By restricting ordered atomic arrangements in small 
volumes, materials start to be dominated by the atoms and molecules at the surfaces, 
often leading to properties that are different from their bulk forms. So, the properties 
of nanoparticles are dependant on both size and chemical composition. A length scale 
showing the nanometer context was given in Figure 1.1. 
 
There are a wide variety of techniques that are capable of creating nanostructures. 
These manufacturing approaches fall under two categories: bottom-up and top-down. 
“Top-down” manufacturing involves starting with a large material and etching, 
milling or machining a nanostructure from it by removing material. This can be done 
by using techniques such as precision engineering and lithography, and has been
      Literature Review     1                                   hapter C 
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Figure 1.1 Length scales showing the nanometer in context. The section from 100 nm to 
1 nm is expanded below. The length scale of interest for nanotechnology is from 100 nm 
down to the atomic scale. 
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developed and utilized by semiconductor industry over the past 30 years. Such 
method offers reliability and device complexity, but they generally require higher 
energy. Precise engineering is a top-down technique which is widely used in 
micro-electronics industry (Dowsett 1991), including the production of the 
semiconductor wafers (i.e. Si) used as substrates for computer chips and print the 
patterns on the ceramic wafers. This process requires high accuracy of the tools. 
Another top-down manufacturing method is lithography (Lan et al. 2007; Wu & 
Kumar 2007). It is a technique involving the creation of a surface pattern by 
exposure to light, ions or electrons sources, and then subsequent etching and/or 
deposition of material on to that surface to produce desired devices (Lan et al. 2007). 
Electron- and ion- based lithography methods are capable of patterning features with 
the accuracy of 10 nm or less (Chou et al. 1997). 
 
“Bottom-up” manufacturing is a nanomaterial synthesis method involving the 
manufacturing of structures atom-by-atom. Such manufacturing is governed by 
certain physical rules. The approaches towards achieving this include chemical 
synthesis, self-assembly, and positional assembly (Nanoscience and Nanotechnology 
Report, 2004). Chemical synthesis is a method of producing particles which can then 
be used either directly in production of the bulk form materials, or manufacturing 
more ordered and advanced materials through chemical reactions. Self-assembly is a 
technique involving atoms re-arranged into ordered nanoscale structures between the 
materials (Bogwe 2008). Positional assembly is a technique whereby atoms or 
molecules are deliberately manipulated and positioned (Smeitink et al. 2000), 
involving the usage of delicate nanoscale tools to build devices at the molecular level. 
Among the three approaches, chemical synthesis is the most common way in making 
nanomaterials. 
1.1.2 Nanoceramics and semiconductors 
Ceramics can be briefly described as compounds between metallic and nonmetallic 
 6
      Literature Review     1                                   Chapter  
elements. Most of ceramic materials are in the form of oxides, nitrides, and carbides. 
The atomic bonding in these materials ranges from ionic to covalent (Callister 2003). 
The metallic ions (cations) are positively charged and have donated their electrons to 
the nonmetallic ions (anions). (Barsoum 1997) 
Electronic configuration of atoms 
In an atom, electrons with various energies are located in specific shells around the 
nucleus, called quantum shells. The total number of electrons in each shell is 2n2 
(where n is quantum number). Although the electrons in the same quantum shell 
have similar energy, no two are totally identical. Each shell is divided into different 
subshells called orbitals, which describe the probability of where two pairs of 
electrons will be within the shell (Richerson 1992). The first quantum shell has two 
electrons, both located in the s orbital. These two electrons have same energy, but 
opposite magnetic behavior of spin (Richerson 1992). The second shell is occupied 
by 8 electrons, two of which belong to s orbitals and six in p orbitals. The third 
quantum shell has 18 electrons in s, p, and d orbitals. A full d orbital has 10 electrons. 
The fourth shell contains f orbitals in addition to s, p, and d orbitals, where a full f 
orbital contains 14 electrons. For example, oxygen atom has 8 electrons and has the 
electron notion of 1s22s22p4, where the 1s and 2s orbitals are full, but the 2p subshell 
has two electrons short of being full. Titanium atom has 22 electrons, with the 
electron configuration of 1s22s22p63s23p63d24s2. 
Semiconductors and band-gap theory 
Semiconductors are materials that have electrical resistivity between that of 
conductors and insulators. Semiconductors have an energy gap between the filled 
and empty electron bands where conduction will occur only when sufficient external 
energy is applied to overcome the energy gap (Barsoum 1997). 
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Figure 1.2 Schematic diagram of a semiconductor band structure. 
 
If all electron positions are full within a given band, then the electrons are confined 
in the band and no electronic conduction occurs. However, if the band is only 
partially full, electrons can move freely within the band resulting in electron 
conduction. There is an energy gap between the outermost filled orbitals (valence 
band) and the adjacent empty orbitals (conduction band) of semiconductor (see 
Figure 1.2). Band-gap energy refers to the energy between the top of the valence 
band and the bottom of the conduction band. With that energy, electrons are able to 
jump from one band to another. Such required energy differs with materials. 
Band-gap is a useful parameter to distinguish between semiconductor and insulators, 
as insulator normally has a band-gap larger than 4 eV (Pampuch 1976). The 
band-gap energy of a nanosized material can be increased. It is also known as 
quantum confinement effect (Anpo & Takeuchi 2003). When the particle size of a 
semiconductor is too small, the confining dimension decreases and reaches a certain 
limit, the energy spectrum turns to discrete, resulting in a blue shift in band-gap 
(band-gap energy increases). 
Doping process and band-gap narrowing 
The pure semiconductor is basically electronically neutral, containing no free 
electrons in its conduction bands. In order to make it a useful electronic device 
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(increase the current flow in semiconductors), very small amounts of selected 
additives are added. The process of adding additives to a semiconductor is known as 
doping. The main purpose of doping is to increase the number of free charges that 
can be moved by an extra energy applied. (www.tpub.com) When a dopant increases 
the number of free electrons, the doped semiconductor is negative (n-Type). If an 
impurity reduces the number of free electrons while generates more holes, the doped 
semiconductor is called positive (p-Type). An n-Type dopant loses its extra electrons 
easily and increases the conductivity of the material due to free electrons (Nenovs & 
Yordanov 1996). 
 
The main aim of doping is to induce a change of band position (i.e. decrease of the 
band-gap or introduce of intra-band-gap states), which results in fundamental change 
in electron behaviour. Taking metal-doped TiO2 materials for example, substitution 
of Ti4+ by dn metallic ions in the TiO2 lattice creates lowered energy states in the 
band-gap of TiO2 (Carp et al. 2004). Small levels of doping elements are added to the 
semiconductor, which increase the conductivity as either the conduction band is 
partly filled with electrons (n-type doping) or valence band is partly emptied (which 
equals partly filled with hole: p-type doping). For example, Umebayashi et al. (2002) 
analysized electron structures of 3d transition metals (V, Cr, Mn, Fe, Co, and Ni) in 
TO2. They found that when TiO2 is doped with these transition metals, an electron 
occupied level occurs and electrons are localized around each dopant. Metals with 
low atomic number (V, Cr, Mn, Fe, and Co) produce intra-band-gap states at the top 
of valence band. In contrast, the electrons from the Ni ions are less localizes, 
contributing to the creation of the valence band with the O p and Ti 3d electrons 
(Umebayashi et al. 2002). 
1.2 Titanium dioxide (TiO2) and TiO2 photocatalyst 
Environmental contamination is a serious social problem nowadays. Therefore, the 
development of new environment friendly methods of destroying these pollutants is 
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an important task. One solution to degrade pollutants is using photocatalysts. The 
initial task for photocatalysts is to use solar energy or other simulated energy sources 
to convert environmental contamination into less harmful substrates. 
 
Photocatalyst produces surface oxidation of pollutants such as harmful compounds 
or bacteria, when illuminated to light source. The application of the photocatalyst 
can be divided into four major categories including purifying water, preventing 
contamination, anti-bacteria, and purifying the air. In particular, titanium dioxide 
(TiO2) has been widely used as a photocatalyst due to its stability and low cost. 
 
In the beginning of the 20th century, industrial production started with TiO2 as 
pigments for white paint (Kumazawa et al. 1999). More recently, TiO2 is used in a 
wider range of applications including, dielectric resonators (Templeton et al. 2000), 
oxygen sensors (Francioso et al. 2007), biomedical materials (Mugnolo & Filliponi 
2001), solar cells (Nakada & Kunioka 1985). However, the use of TiO2 as a 
photocatalyst has been widely studied. In this section, the process of photocatalysis 
was described and its mechanism was explained. Another subject that was discussed 
here concerns the properties of titania (TiO2), especially photocatalytic properties. 
Moreover, methods of improving photocatalytic reaction of titanium dioxide were 
brought up and, finally, an overview of some non-TiO2 photocatalysts was listed. 
1.2.1 Crystal and electronic structure of TiO2 
There are four polymorphs of TiO2 found in nature, anatase (tetragonal), rutile 
(tetragonal), brookite (orthorhombic), and TiO2 (B) (monoclinic). Apart from these, 
two additional high-pressure forms have been synthesized starting from rutile phase: 
TiO2 (II) with the PbO2 structure and TiO2 (H) with the hollandite structure (Latroche 
et al. 1989). 
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Figure 1.3 Crystal structures of TiO2 and unit cell of (a) rutile (tetragonal space 
group); (b) anatase (tetragonal space group); (c) brookite (orthorhombic space group). 
(Adapted from Mo & Ching 1995) 
 
The three crystal structures of anatase, rutile and brookite differ by the distortion of 
each TiO26- octahedral and by the assembly patterns of the octahedral chains. Anatase 
is built-up from octahedrals that are connected by their vertices, in rutile, the edges 
are connected, and in brookite, both vertices and edges are connected (Figure 1.3) 
(Latroche et al. 1989; Mo & Ching 1995). The rutile phase was found to be the most 
stable phase at all temperatures and at pressures up to 60 KBar (Carp et al. 2004). 
However, TiO2 (II) becomes the thermodynamic stable phase at the pressure above 60 
KBar. Particle size experiments confirmed that the relative phase stability may reverse 
when particle sizes decrease to sufficiently low values due to surface-energy effects 
(the dependency of surface free energy and surface stress on the particle size) (Zhang 
& Banfield 1998). Zhang & Banfield also reported in their later publication (2000), 
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that anatase is most thermodynamically stable at sizes less than 11 nm, whereas 
brookite is most stable between 11 and 35 nm, and rutile is stable at sizes greater than 
35 nm.  
 
Table 1.1 Crystal structure parameters of the three main polymorphs of TiO2. (Mo & 
Ching 1995) 
 Rutile Anatase Brookite 
Crystal structure tetragonal tetragonal orthorhombic 
Lattice constants (Å) a=4.5936 a=3.784 a=9.184 
 c=2.9587 c=9.515 b=5.447 
   c=5.145 
Molecule/cell 2 4 8 
Volume/molecule (Å) 31.216 34.061 32.172 
Density (g/cm3) 4.13 3.79 3.99 
Ti-O bond length (Å) 1.949 (4) 1.937 (4) 1.87-2.04 
 1.980 (2) 1.965 (2)  
O-Ti-O bond angle 81.2o 77.7o 77.0o-105o 
 90.0o 92.6o  
 
Thermodynamically, anatase is the most favourable phase at room temperature, where 
the surface free energy of rutile is larger than anatase, indicating the phase 
transformation from anatase to rutile practically does not occur at ambient condition. 
However, the transformation reaches a measurable speed for bulk TiO2 (500 nm) at 
temperature higher than 600 oC (Matsumoto et al. 2001), whereas lower 
transformation temperature of 540 oC for the nanosized material (5 nm in dia., Zhang 
et al. 2009a). During the phase transformation, anatase pseudoclosed packed planes of 
oxygen are retained as rutile closed-packed planes, and a co-operative rearrangement 
of titanium and oxygen ions occurs (Carp et al. 2004). The crystal parameters for the 
three phases (anatase, rutile and brookite) are summarized in Table 1.1. 
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Rutile and anatase are both crystallized in the tetragonal system, containing six and 
twelve atoms per unit cell, respectively. In both structures each Ti atom is coordinated 
to six O atoms (octahedral coordination) and each O atom is surrounded by three Ti 
atoms. In anatase, the structure is based on octahedrons of TiO2 sharing four edges of 
the octahedron with other octahedrons and form chains. In rutile, the octahedrons 
have two edges. The brookite form of TiO2 has a crystal structure with eight units in 
the orthorhombic cell. The major difference is that, in brookite, there are six different 
Ti-O bonds ranging from 1.85 to 2.04 Å, and 12 different O-Ti-O bond angles ranging 
76 o - 105 o. In contrast, there are only two kinds of Ti-O bonds and O-Ti-O angles in 
both rutile and anatase (Mo & Ching 1995). 
 
The electronic structure of all three crystals has been studied by Mo & Ching (1995). 
They discovered that rutile has smaller band-gap energy of 3.06 eV, while anatase has 
larger direct band-gap energy of 3.23 eV. In addition, Ohtani et al. (1993) examined 
the photocatalytic activity of anatase and rutile. Their result suggested that the 
photocatalytic reaction speed of rutile for dehydrogenation of 2-propanol is slower 
than that of anatase. The lower activity of rutile is partially attributed to the lower 
conduction band energy of rutile compared to anatase. Accordingly, the anatase form 
TiO2 is the one applied in photocatalysis. 
1.2.2 Photocatalytic properties of titania 
1.2.2.1 Photocatalyst 
Figure 1.4 describes the mechanism of photocatalysis, when photon energy (hv) 
exceeds the band-gap energy (Eg), an electron is excited from the valence band, VB, 
into the conduction band, CB, leaving behind a hole. The conduction electrons and 
valence-band holes can recombine and dissipate energy, get trapped on surface, or 
react with electron donors and electron acceptors adsorbed on the material surface. If 
a suitable agent (i.e. scavenger) or surface defect is available to trap the electron or 
hole, recombination is prevented and a subsequent redox reaction may take place. 
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The holes generated form valence-band are powerful oxidants, while the conduction 
band electrons are good reductants. The following photocatalytic reactions 
(Equations 1.1 – 1.4) have been widely postulated by Gaya & Abdullah (2008): 
 
Photoexcitation: Photocatalyst + hv → e– + h+                             Equation 1.1 
 
Oxygen ionosorption: (O2)ads + e– → O2● –                       Equation 1.2 
 
Water ionization: H2O → OH– + H+                            Equation 1.3 
 
Superoxides protonation: O2● – + H+ → HOO●                              Equation 1.4 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reduction 
Oxidation 
Semiconductor Photocatalyst 
Eg: Band-gap energy 
VB: Valence band 
CB: Conduction band 
 
Band-gap 
Figure 1.4 Schematic photocatalysis processes over photon activated semiconductor, 
p: photogenerated electron/hole pair, q: surface recombination, r: recombination in 
bulk, s: diffusion of acceptors and reaction on the surface, t: oxidation of donor on the 
surface (Adapted from Gaya & Abdullah 2008). 
 
The hydroperoxyl radical formed in Equation 1.4 is a scavenger, and is also be able 
to prolong the lifetime of photogenerated holes. Both the oxidation and reduction 
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taking place at the surface of the photocatalyst were presented in Figure 1.4. 
 
Among all heterogeneous photocatalysis (photocatalyst is in a different phase to the 
reactants), nanocrystalline anatase TiO2 is the most intensively studied in recent 
years, and appears to be a promising material with a number of applications in 
photocatalytic systems. In the following several sections, more current researches on 
developing high performance TiO2 photocatalysts is to be demonstrated. 
1.2.2.2 Titania photocatalyst 
 
 
 
 
 
 
 
 
 
Figure 1.5 Spectrum of solar light. (www.dnr.sc.gov/ael/personals/pjpb/lecture/ 
spectrum.gif) 
 
The photocatalyst must be activated by light. Various types of light (or 
electromagnetic radiation) differ in their wavelength, frequency and energy. Higher 
energy lights generally have higher frequencies and shorter wavelengths (Figure 1.5). 
Visible-light is a portion of light that can be absorbed by pigments inside the retina of 
human eyes. Typical human eyes will response to wavelengths of light between 380 – 
750 nm (Starr 2005). Visible-light comprises different colour regions including violet 
(λ = 380 – 450 nm), blue (λ = 450 – 495 nm), green (λ = 495 – 570 nm), yellow (λ = 
570 – 590 nm), orange (λ = 590 -620), and red (λ = 620 -750) (en.wikipedia.org). UV 
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radiation is also an important part of the sun’s spectrum, with the wavelength shorter 
than visible light (higher in energy). Ultraviolet rays are sub-divided into UVA, with 
the wavelength of 320-400 nm, UVB (290-320 nm) and UVC (< 290 nm). Another 
important radiation is infrared whose wavelength ranges 750 nm – 100 μm (Liew 
2006). 
 
The anatase and rutile phases of TiO2 are semiconductors with band-gap energies of 
about 3.23 and 3.06 eV, respectively (Mo & Ching 1995), corresponding to the 
wavelength of light about 388 nm and 400 nm. The relationship between the 
band-gap energy and absorption wavelength can be expressed as: 
g
hcE                                                     Equation 1.5                 
where Eg = band-gap energies (eV), h = Plank’s constant 6.62606885×10-34 (J s), c = 
light velocity (m s-1), and λ = wavelength of the absorption (nm). This means that the 
light at or below these wavelengths (i.e. enough energy) are able to excite electron 
from the valence band (VB) to the conduction band (CB), generating negatively 
charged electrons and positively charged holes (h+). After that, electrons and holes 
can either recombine in the bulk or transfer rapidly to catalyst surface. The surface 
photogenerated holes and electrons may react with absorbed species. In the aqueous 
environments, electrons may react with oxygen, and holes with hydroxyl ions or 
water, forming superoxide and hydroxyl radicals (Equations 1.6 – 1.8): 
 
TiO2 + hv → TiO2 (e-/h+) → e- (cb) +h+ (vb)                       Equation 1.6 
 
e
- 
(cb) + O2 →  O2
●-→  HO2● -                                Equation 1.7 
 
h+ (vb) + OH-
 → ●OH                                        Equation 1.8 
 
 
\ 
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O2+●  
 
 
 
 
 
 
 
 
Figure 1.6 Schematic representation of photocatalytic behaviour of anatase TiO2 
under light irradiation, where h+ = hole, e- = excited electron. 
 
A typical redox process induced by the separated electrons and holes with absorbed 
pollutants present on the surface takes place. The reaction can be promoted by further 
absorbing the pollutants, or terminated by recombination of the electron-hole pair. 
Based on the photocatalytic procedure described above (Equations 1.6 – 1.8), several 
processes may influence the efficiency of photocatalytic reactions. These include the 
surface oxidizing and reducing powder resulted from photogenerated holes and 
electrons, transference of electrons and holes inside the TiO2 volume, and 
electron-hole recombination processes occurred both at the surface and in the bulk of 
catalyst. Since the electron-hole recombination competes with the charge separation 
process in a photocatalytic reaction, photoactivity of TiO2 will be enhanced by 
promoting the charge separation efficiency and preventing the electron-hole 
recombination (Gaya & Abdullah 2008). 
 
The photoreactions above (Equations 1.1 – 1.4 and 1.6 – 1.8) suggest the critical role 
of electron-hole pair in photocatalytic oxidation. In particular, hydroxyl radicals 
(●OH), holes (h+), superoxide ions (O2●–) and hydroperoxyl radicals (HOO●) are 
highly reactive agents that will oxidize/degrade large variety of organic pollutants 
(Gaya & Abdullah 2008). 
OH● 
O2 
hν < 388 nm 
e- 
Valence Band 
Eg 
h+ 
H2O/OH- 
Conduction Band 
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1.2.2.3 Photocatalytic reaction using ultrafine nanosized TiO2 
As the size of a particle decreases, a gradual transition from semiconductor properties 
to molecular properties is expected. This quantization effect becomes apparent when 
the size of semiconductor particles lies between 5 and 25 nm for individual 
semiconductors (Judin, 1993). Specially, in TiO2, quantum effect describes the 
phenomenon results from electrons and holes charge carriers being confined into a 
certain dimension. Thus, in the small volume, charge carriers do not need to diffuse 
anymore to accomplish reactions with pollutants present at the surface (Carp et al. 
2004; Anpo & Takeuchi 2003). 
 
Another effect of ultrafine particle is an increase in the band-gap and consequently, a 
blue shift in the absorption edge (Anpo & Takeuchi 2003). Such shift can also be 
directly confirmed by the measurement of band-gap on our samples (size of 5 nm, 
Zhang et al. 2009b). In nanosized particles, generated electrons and holes are confined 
by the potential barrier of the surface. Because such confinement behaviour, the 
energy required for optical transition from the valence to the conduction band 
increases, thus, effectively increasing the band-gap. As a result, the redox potential of 
photogenerated electrons and holes will be enhanced, in other words, nanosized TiO2 
photocatalysts will be more photoactive than larger ones. The catalytic reactions 
different from the photoelectrochemical reactions on bulk TiO2 powders can occur 
(Crittenden et al. 1997). On the other hand, the increased potential is detrimental for 
the near UV absorption. Anpo & Takeuchi (2003) observed photocatalytic activity as 
the diameter of the TiO2 particles becomes smaller especially below 10 nm . However, 
the small photocatalyst size may increase the possibility of electron–hole 
recombination rate due to the increase in electrostatic attraction between them (Mills 
& Le Hunte 1997). 
1.2.3 Improving photocatalytic reactions 
The energy of visible fraction is about 42% of solar spectra compared with the 
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ultraviolet (UV) less than 5%. So, many efforts have been made improving the ability 
of TiO2 photocatalysts. However, the TiO2 can be activated only in the small UV 
fraction (< ca. 400 nm) due to its large band-gap of 3.23 eV (for anatase). Therefore, it 
is necessary to develop a photocatalyst system, which can minimize its band-gap in 
order to utilize visible-light irradiation. In order to enhance the photocatalytic reaction, 
a high surface absorption of substance is always desired. Furthermore, to improve its 
charge separation (or trapping efficiency) is another important issue to be considered. 
To accomplish this objective, the following directions were adopted: 
1.2.3.1 Optimum the surface area and particle size  
Large surface area is an important factor in certain photoinduced reactions, because a 
large amount of absorbed energy can promote the reaction rate. Typically, a highly 
crystalline anatase of ultra-fine particle size is often considered desirable for catalytic 
applications. However, powders with large surface area are usually associated with 
large amounts of crystalline defects, which offers the recombination sites for electrons 
and holes leading to a shorter photocatalysis life-time and a poor photoactivity (Zhang 
et al. 1998). Recently, it has been reported that the photocatalytic reaction rate of 
amorphous TiO2 is near zero, indicating that crystallinity is an important requirement 
(Ohtani & Nishimoto 1993). Therefore, a good balance between surface area and 
crystallinity must be achieved in order to obtain the highest photoactivity. 
 
Particle size is another important parameter for photoactive efficiency, since the 
electron-hole recombination process may be different on different size of catalyst 
(Zhang et al. 1998). In the nanosize range, a small variation in particle diameters leads 
to a great change in the surface/bulk ratio, thus increase the possibility of 
electron–hole recombination (see Section 1.2.2.3). Experimental investigations on 
determining the optimum particle size of TiO2 for the highest photocatalytic behaviour 
have been carried out, where photocatalytic oxidation rates of organic substrates are 
maximized. According to certain literature data (van Grieken et al. 2002), this value 
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lies around 10 nm, although other authors, Anpo et al. (1987) declared that the 
photocatalytic activity increased as the diameter of the TiO2 particles becomes smaller 
(results obtained from studying of 10 nm to 5.5 nm particles). A mathematical model 
based on the mechanism of TiO2 photocatalysis (Gerischer 1995) predicts an increase 
of the quantum yield when particle sizes decreases (from 100 nm to 10 nm). It 
assumed a higher fraction of electron-hole pairs taking part in redox reaction at the 
surface when fewer pairs are generated within the particle (Gerischer 1995). 
1.2.3.2 Surface hydroxyl groups and other surface characteristics 
The surface hydroxyl groups play an important role in the photodegradation process, 
because surface -OH groups can directly participate in reactions by trapping 
photogenerated holes on the catalyst surface, producing very oxidizing surface HO• 
(Augugliaro et al. 1988). Also, the surface -OH can change the adsorption of 
molecules both by absorbing pollutant adsorption and by consuming oxygen radicals 
in order to restrict electron-hole recombination, thus, enhance the photocatalytic 
activity (Carp et al. 2004). High content of -OH groups can be achieved by treatment 
of the sample with water/alkali. Du et al. (2008) found that the photocatalytic 
degradation of methylene blue over the TiO2 follows the first order kinetics, and is 
mainly dependent on the quantity of a specific anatase-OH group. This quantity is 
proportional to the surface area of the catalysts. 
 
The reduction of TiO2 with hydrogen shows a prolonged life-time of electron-hole 
resulting from a reduction of recombination centre numbers (Heller et al. 1987). 
Several groups reported that the presence of oxygen vacancies and Ti3+ on TiO2 
surface enhances photocatalytic reactions (Arata 1996; Liu et al. 2003a). It is 
generally acceptable that the improved photocatalytic activity for the reduced TiO2 is 
attributed to the formation of oxygen vacancies and Ti3+ species. Both oxygen 
vacancies and Ti3+ species act as hole traps, and they can become charged species as 
soon as combining with photogenerated holes. The trapped holes can further transfer 
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to the organic substrate leading to a degradation (Liu et al. 2003a). 
 
Halogenation pre-treatments of TiO2 can inhibit the electron–hole recombination takes 
place, due to the fact that the halogen anions can trap photogenerated holes. Halogens 
themselves can be converted via photogenerated holes into halogen radicals, which 
can then react with adsorbed species (Amama et al. 2002; d’Hennezel el al. 1998 & 
2002; Lewandowski & Ollis 2003). Among them, d’Hennezel et al. (1998) have 
shown that an improved photodegradation rate of toluene (a branched aromatic 
pollutant) can be obtained through the chlorination of the TiO2 surface by use of HCl 
solution. They proposed that Ti/Cl- surface species can trap photogenerated holes and 
degrade some organic pollutants due to the resulting chlorine radical production. Later, 
Lewandowski et al. (2003) synthesized catalyst samples by pre-treatment of TiO2 
(Degussa P25) with hydrofluoric acid (HF), hydrochloric acid (HCl), hydrobromic 
acid (HBr), and hydroiodic acid (HI), respectively, and further evaluated their use in 
the photocatalytic oxidation of branched (toluene and xylene) and unbranched 
aromatics (benzene). It was found that chlorine radicals are effective in oxidizing 
aromatic side groups (toluene and benzene), but were ineffective in reactions with the 
aromatic ring. However, either HBr or HI pretreated catalysts shows an improved 
efficiency in oxidizing either aromatic rings or methyl side groups over the untreated 
TiO2. 
1.2.3.3 Metal loading 
TiO2 has been modified mainly by metal loading to achieve better photocatalytic 
activity (Baba et al. 1987; Sato & White 1980). With the presence of the loaded 
metal with higher work function, photo-excited electrons can be transferred from 
conduction band to the metal particles deposited on the catalyst’s surface, while the 
generated holes remain on the TiO2 (Carp et al. 2004). The presence of metal can 
generally reduce the electron-hole recombination possibility, resulting in an 
electron-hole separation and stronger photocatalytic reaction. 
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Platinum (Pt) is the most widely used co-catalyst to achieve a high efficient TiO2 
photocatalyst (Li & Li 2002). It is postulated that a small amount of platinum can 
accelerate the formation of superoxide radicals, leading to a decrease in the 
possibility of electron–hole recombination (Li & Li 2002). However, a high 
concentration of platinum is always detrimental to the oxidation reaction because the 
platinum particles can act as recombination centres instead (Li & Li 2002). Pt-loaded 
TiO2 is reported to be photoactive in the photodegradation of various organics, such 
as benzene (Fu et al. 1995), phenol (Blazkova et al. 1998), methanol (Bowker et al. 
2003), ethanol (Vorontsov & Dubovitskaya 2004), acetone (Vorontsov et al. 1999), 
acetaldehyde (Nakano et al. 2004), methyl-butyl-ether (Preis & Falconer 2004), and 
azo dyes (Mao et al. 2004). 
 
Besides Pt, other metals including Au (Chen et al. 1999; Sakthivel et al. 2004), Pd 
(Sakthivel et al. 2004), Ni (Szabo-Bardos et al. 2003), Cu (Orlov et al. 2004; Wu & 
Lee 2004) and Ag (Szabo-Bardos et al. 2003), have also been reported to be very 
effective for improvement of TiO2 photocatalysis. Sakthivel et al. (2004) 
investigated photodegradation of acid green 16 (an organic dye) using Pt, Au, and 
Pd-loaded TiO2 photocatalysts. Optimal loading level for Pt and Au was found to be 
ca. 0.8 wt% to achieve the highest photocatalytic activity, whereas Pd is ca. 0.05 
wt%. Pd, Cu, Pt coated photocatalysts showed a higher activity in the 
photodegradation of 2,4 dinitrophenol, trichloroethylene, and formaldehyde (up to 
five times) in aqueous solutions (Orlov et al. 2004). Dhanalakshimi et al. (2001) 
investigated the use of Cu-loaded TiO2 as a photocatalyst. Wu and Lee (2004) 
deposited Cu particles on TiO2 surface for hydrogen production from methanol 
solution. At the optimal loading of Cu, hydrogen production rate was enhanced by as 
much as 10 times of the virgin TiO2. Other low-cost metals, such as Ni and Ag, were 
also found to be effective for photocatalytic activity improvement (Szabo-Bardos et 
al. 2003). 
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1.2.3.4 Doping 
Metal doping 
Metal ion doping has been extensively investigated for enhancing the photocatalytic 
activities (Cao et al. 2004; Choi et al. 1994; Wilke & Breuer 1999). TiO2 particles can 
be simply substitutionally or interstitially doped with different cations, forming mixed 
oxides or a mixture of oxides, which may be affected by the properties and loading 
levels of dopants and the synthesis methods (Palmisano et al. 1994). For 
photocatalytic reactions, photocatalytic reactions can take place, when the trapped 
electron and hole are transferred to the surface. Therefore, metal ions should be doped 
at or near the surface of TiO2 particles. However, in case of lattice doping, metal ions 
more likely behave as recombination centers. Hence, electron/hole transporting to the 
surface is more difficult. In addition, there is an optimum concentration of ion dopant, 
above which the photocatalytic activity decreases due to the increase the possibility of 
recombination (Choi et al. 1994). 
 
There are two types of doping in semiconductors as described earlier in the chapter, 
p-type (p for positive) and n-type doping (n for negative). P-Type doping is obtained 
by dissolving heterocations (Al3+, Pr3+, Ga3+, Fe3+) of valencies lower than that of Ti4+ 
in the TiO2 lattice. When the doping material is added, it accepts weakly-bound 
electrons from the TiO2 atoms. P-type dopants act as acceptor centers, which trap 
photoelectrons, forming trapping centers (Palmisano et al. 1988). N-type doping is 
obtained by heterocations (Ta5+, Nb5+, Sb5+, As5+) of valencies higher than 4+. On the 
opposite, N-type dopants act as donor centers. By increasing the concentration of 
conduction electrons, they also favour the electron-hole recombination. 
 
The main objective of doping is to decrease the band-gap or introduce intra-band-gap 
states, which results in more visible-light absorption. Several papers deal with this 
subject, and titania was doped with different metal ions like: alkaline earth ions [Mg2+, 
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Ca2+, Sr2+, and Ba2+(Al Salim et al. 2000)], transition metal ions [Ag+, Fe3+ (Kurtz et 
al. 1989), Cu2+, Co3+, and Mo5+ (Choi et al. 1994a; Tayade et al. 2006)], and rare earth 
ions [La3+, Ce3+, Er3+, Pr3+, Gd3+, Nd3+, Sm3+ (Lv et al. 2009; Stengl et al. 2009; Wang 
et al. 2009b)] using different preparation techniques. Substitution of Ti4+ by metallic 
ions in the TiO2 lattice creates energy states in the band-gap of TiO2, which may 
induce photoactive transitions in the visible-light, due to an excitation of an electron 
from this energy level into TiO2 conduction band (Borgarello et al. 1982; Carp et al. 
2004). 
 
In order to identify the optimum levels for certain dopants, Al-Salim et al. (2000) 
reported the behaviour of incorporating alkaline earth ions (Ca2+, Sr2+, and Ba2+) into 
the titania powders using sol-gel technique. Photocatalytic activities were assessed by 
decomposition of oxalic acid in an aqueous solution. Approximately 50% of the 
photocatalysis enhancement occurred for samples containing 2 mol% alkaline earth 
ions. A 200% enhancement of the activity occurred for samples containing 20 mol%, 
whereas, for Ca2+, the activity reached a plateau below 15 mol% content. Both Sr2+ 
and Ba2+ show higher photocatalytic activities than the Ca2+-doped catalyst. 
Venkatachalam et al. (2007) analyzed the role of Mg2+ ion in the enhancement of 
photocatalytic activity by degradation of 4-CP (an organic molecule). The dopant ion 
Mg2+ with ionic radius of 0.86 Å, larger than Ti4+ (0.61 Å), but smaller than O2- (1.31 
Å), can be introduced into the TiO2 lattice. The introduction of Mg2+ ions into the 
TiO2 lattice decreased the band-gap compared to virgin TiO2, and minimized the 
electron-hole recombination during the photocatalytic degradation of organic 
compounds (Francisco & Mastelaro 2002; Venkatachalam et al. 2007).  
 
Addition of a small amount of transition metal ions offers a way to trap the charge 
carrier and extend the life-time of one or both of the charge carriers (Carp et al. 2004). 
The ions reported to be doped into the lattice of the TiO2 include Pt2+, Ag+, Au3+, Cu2+, 
Ni2+, and Pd2+ for prevention of electron and hole recombination (Brezova et al. 1997; 
Ikeda et al. 2001). This is due to the reason that a metal with a work function higher 
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than that of the TiO2, facilitating the transfer of electrons from the TiO2 
semiconductor to the metal thus improving the catalytic efficiency (Carp et al. 2004). 
Tayade et al. (2006) have modified transition metal ions Ag+, Fe3+, Co3+, Ni2+, and 
Cu2+ by a wet impregnation method. The Ag+ impregnated catalysts showed the 
highest photocatalytic degradation rate which was believed to be due to the 
interstitially doped silver ions in the TiO2 lattice or silver metal on the surface (Tayade 
et al. 2006). Choi et al. (1994) carried out a systematic investigation to study the 
photocatalytic activities of TiO2 doped with 21 metal ions at doping levels of 0.1 – 0.5 
mol%. It was found that doping of metal ions could make TiO2 photoactive in the 
visible-light region. As metal ions are doped into the TiO2 lattice, the dopants energy 
levels in the band-gap of TiO2 are formed, as indicated below: 
 
Mn+ + hv→ M(n+1)+ + ecb-                                      Equation 1.9 
 
Mn+ + hv → M(n-1)+ + hvb+                                    Equation 1.10 
 
where M and Mn+ represent metal and metal ion dopant, respectively. In addition, 
electron (hole) transfer between metal ions and TiO2 can trap the electrons and holes: 
 
Electron trap: Mn+ + ecb- → M(n-1)+                             Equation 1.11 
 
Hole trap: Mn+ + hvb+ → M(n+1)+                               Equation 1.12 
 
In order to proceed Equations 1.11 and 1.12, the energy level of Mn+/M(n-1)+ should be 
less negative than that of the conduction band edge of TiO2 and less positive than that 
of the VB edge of TiO2 (Choi et al. 1994; Gaya & Abdullah 2008). Among the 21 
metal ions studied, Rh3+, Fe3+, Mo5+, Re5+, V4+, Os3+, and Ru3+ ions can increase 
photocatalytic activity, while Al3+ and Co3+ ions cause detrimental effects (Choi et al. 
1994). The different effects of metal ions result from their abilities to trap and transfer 
charges. For example, Cu2+ and Fe3+ ions can trap not only electrons but also holes 
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(via Equation 1.11 and 1.12), and the dopant energy levels introduced are near to CB 
as well as VB edges of TiO2. Therefore, doping of either Cu2+ or Fe3+ ions could be 
recommended for enhancement of photocatalytic activity (Choi et al. 1994; Litter 
1999; Navio et al. 1999a; Navio et al. 1999b). Xu et al. (2002) compared 
photocatalytic activities of different rare earth metal ions (La3+, Sn4+ Gd3+, Nd3+, Er3+, 
and Ce4+) doped into TiO2. Certain dopants exhibit enhanced photocatalytic activities 
and red-shift of band-gap. Among them, dopant Gd3+ ion was found to be most 
effective in enhancing the photocatalytic activity. The increase in photocatalytic 
activity was due to the 4f electron transition of rare earth ions (Stengl et al. 2009). 
 
Co-doping with different metal ions is another alternated way to improve the charge 
separation. Investigation on photodegradation of chloroform revealed a significant 
enhancement of TiO2 co-doped with Eu3+ and Fe3+, five times higher compared with 
undoped TiO2, or two to six times higher than either Eu3+ or Fe3+ mono-doped TiO2 
particles (Yang et al. 2002a). The optimal concentrations were reported as 1 at.% and 
0.5 at.% for Fe3+ and Eu3+, respectively. The two dopants play important roles in 
improving the charge separation in the nanostructures semiconductor and the 
interfacial charge transfer process at the TiO2/solution interface. It is proposed that 
Fe3+ serves as a hole trap and Eu3+ as an electron trap, and the charge carrier 
separation is attributed to such trappings. The superior photocatalytic activity of Fe3+ 
and Eu3+ co-doped TiO2 were also confirmed by Diamandescu et al. (2008) who 
synthesized doped TiO2 using a hydrothermal route. Some other known co-dopants 
combinations include Cr-W (Biswas et al. 2008), Sn-Eu (Sasikala et al. 2008), Fe-Co 
(Wang et al. 2009), Bi-Co (Wang et al. 2009), Ag-In (Yang et al. 2008b), Pd-In (Ge et 
al. 2006), Ce-Sb (Feng & Kaiming 2006), and Ce-Si (Zhang et al. 2006). 
Non-metal doping 
Recently, the anion-doped TiO2 has attracted considerable attention due to its 
photocatalytic activity under the visible-light due to the unsatisfactory stability of 
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metal-doped one. It is a new approach to develop a visible-light activated TiO2 
photocatalyst is by substituting oxygen with anions (N3+, C4+, S4+, F -, Cl -, and Br -) 
which leads to a band-gap narrowing. The work by Asahi et al. (2001) has rekindled 
the interest in TiO2 as a visible-light photocatalyst. From then on, many synthetic 
methods have been reported in the literature for N3+, S4+, P3+, F -, C4+ and B3+-doped 
TiO2 catalyst (Asahi et al. 2001; Morikawa et al. 2001; Moon et al. 2000; Umebayashi 
et al. 2002). Also, some theoretical calculations have also been performed to suggest 
that anion dopants of TiO2 has considerable effect on the band-gap narrowing (Asahi 
et al. 2001). Among these dopants, it is shown that the substitution of N was the most 
effective because its p states contribute to the band-gap narrowing by mixing with O 
2p states. 
 
The photocatalytic activities of such N-doped systems have been widely studied 
(Asahi et al. 2001; Zhang et al. 2009b). Films and powders of TiO2-xNx have an 
improvement over virgin TiO2 under visible-light irradiation (wavelength <500 nm) 
(Sakthivel et al. 2004) in optical absorption and photocatalytic activity either in 
solution or gaseous phase. Many techniques have been used to produce visible-light 
active TiO2-xNx photocatalysts such as by precipitation methods (Sakatani et al. 2003; 
Gole et al. 2004), sol-gel (Rahman et al. 1999), dip-coating (Qiu et al. 2001), ion 
implantation (Zheng et al. 2002), NH3 annealing (Miyauchi et al. 2004), plasma 
treatment (Nakamura et al. 2000a & b), pulsed laser deposition and mechanochemical 
reactions (Yin et al. 2003). 
 
Asahi et al. (2001) has reported that the band-gap narrowing by nitrogen doping into 
TiO2 is efficient to yield high photocatalytic activities. They prepared N-doped TiO2 
films by means of reactive magnetron sputtering in N2 (40%)/Ar gas mixture and then 
being heat-treated at 550oC in N2 for 4 h, while N-doped TiO2 powders were 
synthesized by heat-treating anatase TiO2 powders in the NH3 (67%)/Ar atmosphere 
at 600 oC for 3 h. Asahi et al. (2001) concluded that the active sites of photocatalysis 
under visible-light were the substitutional nitrogen, which can be identified with the 
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atomic β-N states peaking at 396 eV in the XPS spectra. However, Gole et al. (2004) 
were surprised to find no evidence for the 396 eV XPS peak for the TiOxNy 
nanopowders with some photocatalytic activity. 
 
Besides N-doped TiO2, Khan et al. (2002) have shown efficient water splitting 
behaviour under visible-light by a nitrogen modified TiO2, in which carbon 
substitutes for some of the lattice oxygen. C-doped TiO2 was also carried out by 
oxidation of TiC at high temperature (Irie et al. 2003). Umebayashi et al. (2002 & 
2003) reported that S-doping shifted the absorption edge of TiO2 to a lower energy. 
They suggested that sulfur was doped as an anion and replaced the lattice oxygen in 
TiO2. On the contrary, reports by Ohno et al. (2003) found that S atoms were 
essentially doped as cations and substituted Ti ions in the sulfur-doped TiO2 
photocatalyst. Similar to N-doping, S-doping also causes a valence band shift 
upward resulting in a narrow band-gap but less oxidizing holes (Mrowetz et al. 
2004). 
 
However, it was reported that the electron-hole recombination possibility for N-TiO2 
was reported to be higher than the undoped TiO2 (Torres et al. 2004). Therefore, for 
an efficient photocatalytic reaction, coupling with another electron donor dopant 
(lanthanide or transition metal), is necessary. Xu et al. (2008) founded that the 
absorption spectrum can be extended into the visible-light region by both doping Eu3+ 
and nitrogen atoms in the TiO2. The formed lanthanide (Eu2O3) on surface facilitates 
electron-hole charge separation. Li and co-workers (2008) reported that the tungsten 
ions (with altering) valences in the W-N-TiO2 samples can act as trapping sites, which 
will effectively decrease the recombination rate of photo-induced electrons and holes, 
leading to an increase in the photo-oxidation efficiency of the catalysts. Some other 
metal/non-metal doping combinations such as Ni-N (Zhang & Liu 2008), V-N 
(Higashimoto et al. 2008), Ce-N (Liu et al. 2008), W-N (Li et al. 2008), La-N (Liu et 
al. 2007a), Li-F (Jiang et al. 2007), Pt-N (Huang et al. 2007), Fe-N (Liu et al. 2007b), 
and Ag-N (Huang et al. 2007) were also investigated. Besides that, bianion co-doping 
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is another approach to further enhance the photocatalytic activity. N–F-co-doping of 
TiO2 is a good combination of some beneficial effects induced by both N and F 
dopants. N-doping into TiO2 resulted in the creation of surface oxygen vacancies (Li 
et al. 2005; Su et al. 2008), and F-doping produced several beneficial effects, 
including the creation of surface oxygen vacancies, the enhancement of surface 
acidity and the Ti3+ ions, promoting the separation of photogenerated carriers (Li et al. 
2005). Yu et al. (2005) utilized the similar method to prepare S-N-TiO2 photocatalyst, 
and reported that the photocatalytic reaction rate of this material was about six times 
greater than that of Degussa P25. Ohno et al. (2005) fabricated C-S-TiO2 in order to 
increase absorbance in the visible region. Recently, Zhou and co-wokers (2008) 
further developed a C-N-S-tridoped TiO2 photocatalyst by a solid-phase reaction 
method. The powder exhibits ten times higher photoreaction rate than that of standard 
photocatalyst (Degussa P25).  
1.2.3.5 Semiconductor composites 
The coupling of two semiconductors as a photocatalyst is another method to increase 
the photocatalytic activity in visible-light range. Two semiconductors possess 
different energy levels for their corresponding conduction and valence bands, 
providing a possible approach to achieve a more efficient charge separation and an 
enhanced interfacial charge transfer to adsorbed species (Ni et al. 2007). When a large 
band-gap semiconductor is coupled with a small band-gap semiconductor with a more 
negative conduction band level, electrons can be injected from the small band-gap 
semiconductor to the large band-gap one (Ni et al. 2007; Carp et al. 2004). Therefore, 
an efficient electron-hole separation is achieved as shown in Figure 1.7. The character 
of the individual semiconductors and optimal thickness of the covering semiconductor 
are two major factors for efficient charge separation. In addition, the physical property 
of particles, surface texture, and particle size also plays a significant role in the 
inter-particle electron transfer (Serpone et al. 1995). 
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Figure 1.7 Electron injection in composite semiconductors (Adapted from Ni et al. 
2007). 
 
Photocatalyst of TiO2 by deposition of CdS (band-gap of 2.20 eV) has been mostly 
investigated in various forms, such as composite or surface modified particles, and 
has been reported to be effective for the separation and transfer of photoexcited 
charge carriers (Henglein 1989; Vogel et al. 1994). Fujii et al. (1997) found that a 
combination of CdS/TiO2 leads to an enhancement of hydrogen evolution from water 
by a factor greater than any mono-catalyst, indicating that irradiated CdS electrons are 
transferred to the non-irradiated TiO2 particles. Moreover, coupling CdS with TiO2 
also shows a promising photocatalytic activity for 2-chlorophenol degradation under 
the UV light (Doong et al. 2001). The conduction band electrons of CdS are injected 
to the conduction band of TiO2, while the valance band holes of TiO2 are injected into 
the valance band of CdS. However, utilization of CdS alone without coupling with 
other systems is not desirable (Fujii et al. 1997). Besides CdS/TiO2 system, TiO2 
composites with CdSe (Shang et al. 2004), SiO2 (Aguado et al. 2006), WO3 (Li et al. 
2001), Fe2O3 (Pal et al. 1999), V2O5, ZnO (Yang et al. 2004), ZrO2 (Jung & Park, 
2004), and SnO2 (Shang et al. 2004) were also studied. 
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1.2.3.6 Other modification methods 
Besides the modification methods discussed above, some other techniques such as 
metal ion-implantation (Anpo et al. 2002; Takeuchi et al. 2000; Tsuji et al. 2003) and 
immobilization supports (Brezova et al. 1993; Byrne et al. 1998; Matthews et al. 1994) 
have also been reported to be effective methods to optimize semiconductor electronic 
structures to improve the visible-light response. 
 
When TiO2 is implanted with high-energy transitional metal, these high-energy ions 
are injected into the TiO2 lattice by high voltage applied. This technique has been 
proved to be one of the most effective ways to alter TiO2 band structure and shift its 
photo-excitation to the visible-light region. Studies of ion-implantation of TiO2 have 
been conducted for Mn, Ni, Ar, Mg, and Fe ions (Anpo & Takeuchi 2003a; 
Yamashita et al. 2001; Yamashita et al. 2002; Yamashita et al. 2003). The 
effectiveness of red-shift was observed to be in the following order: V> Cr> Mn> Fe> 
Ni, and the red-shift only takes place when implantation was followed by heat 
treatment in O2 atmosphere at around 450-550 oC. However, Ar and Mg ions failed to 
show any band-gap narrowing. 
 
The immobilization of the already made TiO2 has been investigated in order to 
increase the irradiated surface area and adsorption capacity. As support materials, 
rutile TiO2 (Loddo et al. 1999), glass (Lee et al. 2001; Matthews 1987; Robert et al. 
1999), clays (Ilisz et al. 2002), stainless steel (Zhu et al. 2001), Al2O3 (Ku et al. 2001), 
quartz (Benoit-Marquie et al. 2000), polyethene and polypropylene films (Tennakone 
& Kottegoda 1996), silica gel (Aguado et al. 2002; Xu et al. 1999), and zeolites (Xu 
& Langford 1995; Xu & Langford 1997) were used. Among various supporting 
substrates for TiO2 photocatalysts, zeolites is one of the best candidates, because its 
porous structures may promote surface adsorption of organic pollutants, thus enhances 
photocatalytic activity (Carp et al. 2004). Furthermore, zeolites can provide an 
effective charge separation of photogenerated electrons and holes due to the electric 
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field (dipoles) within the zeolite network (Carp et al. 2004; Xu & Langford 1997).  
1.2.4 Overview of non-TiO2 photocatalysts 
TiO2 was the first and is the most intensively studied photocatalyst material. Besides 
TiO2, there are a range of other materials also used in this field. These include 
titanates [SrTiO3 (Lehn et al. 1982), La2Ti2O7 (Li et al. 2006), Na2Ti3O7 (Xing et al. 
2009)], zirconates [In2Zr2O7 (Uno et al. 2006)], tantalum oxide and tantalates [Ta2O5 
(Henderson & Hector 2006), NaTaO3 (Li et al. 2009b)], niobates [CaBi2Nb2O9 (Kim et 
al. 2006)], other transition metal oxides [WO3 (Zhang et al. 2006d), CeO2 (Jiang et al. 
2009), ZnO (Marto et al. 2009)], metal nitrides and sulfides [Ta3N5 (Henderson & 
Hector 2006), GaN, CdS (Sathish et al. 2006), ZnS (Pouretedal et al. 2009), and so 
on]. An overview of catalysts which was brought up recent literatures together, with 
relevant information (including the synthesis method, testing condition, and major 
findings) is listed in Table 1.2. 
 
Table 1.2 Overview of non-TiO2 photocatalysts. 
Materials Co-catalyst Synthesis method Irradiation Notes 
Ag3VO4, Ag4V2O7  Hydrothermal > 400 nm, 300 
W Hg lamp 
Ag3VO4 shows better photocatalytic 
activity in degradation of methylene blue, 
band-gaps are 2.2 and 2.5 eV for Ag4V2O7 
and Ag3VO4, respectively. (Huang et al.) 
BaCo0.5Nb0.5O3  Sol-gel > 400 nm, 30 W 
FL lamp 
Decolourisation of methylene blue. 1000 
oC heated powders exhibited the highest 
activity, band-gap of 2.26 eV (Lu et al. 
2007). 
BaFe2O4  Sol-gel Visible, 250 W 
Hg lamp 
Photodegradation of methyl orange (Yang 
et al. 2007). 
BaTi4O9 RuO2 Ball mixing, heating UV, 400 W, Xe Water splitting (Inoue et al. 1992) 
BaTiO3 TiO2 Sol-gel 350- 400 nm, 
125 W Hg 
Degradation of DCM follows the 
Langmuir-Hinshelwood kinetics (Gomathi 
et al. 2009). 
Bi12SO20  Chemical solution 
decomposition 
Visible, 250 W 
Hg lamp 
Decolourisation of Congo red dye, 
band-gap of 2.60 eV (He & Gu 2006). 
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Bi2MNbO7 M= Al, Fe, In, Sm Sol-gel UV lamp Photodegradation of methylene blue; 
Bi2FeNbO7 (band-gap of 1.71 eV) shows 
the highest reaction rate (Garza-Tovar et 
al. 2006). 
Bi2MoO6  Microwave 
solvothernal routes 
> 420 nm 300 W 
halogen lamp 
Photodecomposition of Rhodamine B, 
band-gap energy of 2.53 eV (Bi et al. 
2007). 
Bi2O3 BiOCl (react Bi2O3 
with HCl) 
Treat Bi2O3 with 
HCl 
>420 nm, 400 W 
Hg lamp  
BiOCl works ass main photocatalyst, 
Bi2O3 as a sensitizer; 10.5 times efficiency 
in removing TA under visi-light than P25. 
Band-gap of 2.8 eV (Chai et al. 2009). 
Bi2O3 Fe-doped Sol-gel UV light Photodegradation of Rhodamine B, 4% 
Fe3+-doped sample shows the highest rate 
(Xiaohong et al. 2009). 
Bi2S3 Pt Ion-exchange 
reaction 
Visible, 500 W 
Halogen lamp 
Water splitting; Pt improves the activity by 
25%, band-gap of ca. 3 eV (Bessekhouad 
et al. 2002). 
Bi2WO6  Hydrothermal Mw-assisted 
electrodeless 
discharge lamp 
MW-assisted photocatalytic degradation of 
Rhodamine B; band-gap of 2.78 eV (He et 
al. 2009). 
Bi4Ti3O12 La-doped Chemical solution 
decomposition 
> 400 nm, 20 W 
low-press Hg 
Decolourization of methyl orange, 
La-doping can improve the activity and 
hinder the increase of particle size during 
calcination (Zhang et al. 2009a). 
BiVO4  Hydrothermal > 420 nm, 300 
W Xe lamp 
Water splitting (Yang et al. 2009). 
BixLn1-xTaO4 0< x< 1 Solid solution 
reaction 
> 420 nm, 300 
W Hg lamp 
Water splitting; Band-gap for x= 0.5 is 
2.71 eV, shows highest reaction rate (Luan 
et al. 2006). 
Ca2Sb2O7 
Sr2Sb2O7 
 Solid state reaction 365 nm, 500 W 
Hg lamp 
Decomposition of methyl orange; 
Sr2Sb2O7 (band-gap of 4.02 eV) is higher 
than Ca2Sb2O7 (3.86 eV) (Lin et al. 2006). 
CaBi2Nb2O9 Pt 0.1 wt%, wet 
impregnation 
Grinding, mixing, 
and heating 
>420 nm, 450 W, 
Xe arc 
No gas evolution form water under 
visible-light, band-gap 3.18 eV (Kim et al. 
2006). 
CaBi4Ti4O15 Pt 0.1 wt%, wet 
impregnation 
Grinding, mixing, 
and heating 
>420 nm, 450 W, 
Xe arc 
No gas evolution form water under 
visible-light, band-gap 3.36 eV. (Kim et al. 
2006). 
CaWO4, SrWO4, and 
BaWO4 
 Solid state reaction UV lamp Decomposing of methyl orange. Reaction 
rate increase in order of CaWO4< SrWO4< 
BaWO4 (Wang et al. 2003). 
Cd1-xZnxS  Thermal sulfurartion > 430 nm, 350 
W Xe lamp 
X= 0.2 shows the highest activity for H2 
evolution (Deshpande et al. 2009). 
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Cd1-xZnxS  Sol-gel, 
ion-exchange 
reaction 
> 400 nm Hydrogen production by water splitting. 
X= 0.77 exhibit much better activities 
(Xing et al. 2006). 
CdO2  Hydrothermal UV, 125 W Hg 
lamp 
Decolourizing methyl orange, smaller size 
better photodecolourization rate (Liu et al. 
2009). 
CdS Pt, Pd, Rh, and 
Ru-metal loading 
Thermal 
impregnation in H2 
atmosphere 
Visible, 400 W 
Hg lamp 
Water splitting; Pt-loading shows the 
highest H2 production rate (Sathish et al. 
2006). 
Ce0.5Hf0.5O2  Microwave-irradiate
d calcination 
> 460 nm, 
Visible-light 
Photodegradation of methylene blue 
solution (Miyazaki et al. 2009). 
Ce1-xSnxO2 X= 0, 0.1, 0.2, 0.3, 
1.0 
Co-precipitation UV light Degradation of textile azo dye. X=0.2 
solid solution shows the highest reaction 
rate (Borker & Salker 2006). 
CeO2 TiO2 Sol-gel, calcination 365 nm, 15W 
UV light 
Decolourization of methylene blue 
solution. Efficient interfacial charge 
separation for e-/h+ (Jiang et al. 2009). 
CuS  Rapid polyol route UV, 500 W 
Halogen lamp 
Nanoflowers, decomposing Rhodamine B, 
the reaction rate is comparable to P25 TiO2 
(Ding et al. 2008). 
Fe2O3  Sintering γ-FeOOH 
in air 
365 nm, 48 W 
UV light 
Pyrene reaction rate follow by the order 
of: α-FeOOH > α-Fe2O3 > γ-Fe2O3 > γ-FeOOH. 
(Wang et al. 2009e). 
FeGaO3 NiOx-loading, 1 
wt% 
Solid state and 
hydrothermal route 
> 420 nm, 450 
W Xe lamp 
H2 production from H2S (Subramanian et 
al. 2008). 
GaN Mg, Zn, Be-doping; 
RuO2 (3.5 wt%) 
co-catalyst 
Mixing and 
nitridation 
> 400 nm, 450 
W Hg lamp 
Water splitting; Doping increase the 
visible absorption (Arai et al. 2007). 
H2LaNb2O7 In-doped; 
Pt-support 
Solid-state reaction; 
ion-exchange 
reaction 
UV, 100 W Hg 
lamp 
Evaluated by H2 from CH3OH solution. H2 
production rate was doubled by Pt 
co-incorporation (Wei et al. 2009). 
HCa2Nb3O10 La-doing; 
Pt-supporting 
Solid state reaction 
followed by ion 
exchange reaction 
UV, 100 W Hg 
lamp 
Degradation of methanol for H2 
production (Huang et al. 2008). 
In(OH)3  Hydrothermal > 400 nm, 125 
W Hg lamp 
Nano-cubics. H2 evolution from water and 
removal of benzene. 4 times more reactive 
than P25 (Yan et al. 2008). 
InTaO4 Ni- doping Solid state reaction > 420 nm, 300 
W Xe lamp 
Water splitting; Ni 10 wt%-doping shoes 
the highest H2 production rate (Zou et al. 
2001). 
K2Ga2Sn6O16  Sol-gel route UV lamp Decomposition of endocrine-disrupting 
chemicals (Mori et al. 2006). 
K4Nb6O17 Methylviologen 
(MV) 
Ion-exchange 
method 
UV, 500 W Xe 
lamp 
MV+ works as radical cation (Zhang et al. 
2009c) 
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K4Nb6O17  Solid state reaction UV light Degradation of phenol, 2-CP, and 
2,4-DCP. More adsorption for 2,4-DCP 
than others (Wei & Nakato 2006). 
K4Nb6O17  Solid state reaction > 420 nm, 300 
W Xe lamp 
Photodecolourisation of methylene blue 
(Unal et al. 2006). 
KNb3O8  Solid state reaction 253.7 nm, 20 W 
UV light 
Photodegradation of acid red G. K+ ions 
can increase the activity (Zhang et al. 
2006a). 
La2CuO4 Ca-doping: 4 
mol%; 
Pt-supporting 
Sol-gel 150 W, Thermal 
Visible-light, 
xenon lamp 
Water splitting uder visible-light (van’t 
Spijker et al. 2008). 
La2Ti2O7 Pr, Gd, and Er 
doping at 25 mol% 
Polymeric complex 
method 
254 nm, 4 W UV 
lamps 
Photodegradation of methyl orange. 
La-doping shows the best photocatalytic 
activity (Li et al. 2006).  
Ln2Zr2O7 Ln= La, Ce, Nd, 
and Sm 
Solution reaction 
method 
Visible, 500 W 
Xe lamp 
H2 evaluation from water. Values of the 
band-gap energy were calculated to be 
about 3.52, 2.86, 2.67 and 2.53 eV for 
La2Zr2O7, Sm2Zr2O7, Nd2Zr2O7 and 
Ce2Zr2O7, respectively (Uno et al. 2006). 
LnTaO4 Ni-NiO Solid-state fusion > 420 nm, 500 
W halogen 
Water splitting. 3 wt% Ni was the 
optimum loading to achieve max. rate. 
(Chiou et al. 2009). 
MInS2 M= Cu, Na Thermal sulfidation UV, 400 W Xe 
lamp 
Water splitting under UV light (Kudo et al. 
2002). 
Na(BixTa1-x)O3 X= 0 - 1.0 Hydrothermal 350 W Hg light, 
and >400 nm 
350 W Xe lamp 
Hydrogen from methanol solution, 
band-gap of 2.88 when x=0.08 which 
shows the highest H2 production rate. (Li 
et al. 2009b). 
Na2Ti2O4(OH)2 Sensitized by CdS Hydrothermal; 
precipitation 
> 430 nm, 300 
W Xe lamp 
H2 production, Na2Ti2O4(OH)2 nanotubes, 
the 2wt%- CdS/ Na2Ti2O4(OH)2 shows 
highest production rate, with the band-gap 
of ca. 2.60 eV (Xing et al. 2009). 
NaBiO3  Sol-gel > 400 nm, 500 
W Xe lamp 
Photodegradation of PCP-Na, better 
reaction rate than P25 (Chang et al.). 
Nb2O5/Cr2O3 Carbon cluster Calcination under an 
argon atmosph. 
> 460 nm Degradation of methylene blue, electron 
transfer in the process of Nb2O5→carbon 
clusters→Cr2O3 (Matsui et al. 2009). 
Nb2Zr6O17 N-doping; Pt and 
RuO2 doping (1 
wt%) 
Nitridation in NH3 > 420 nm, 450 
W Xe lamp 
H2 production from H2S; N-doping 
catalyst shows better activity than either Pt 
or RuO2 doped (Kanade et al. 2007). 
Pb2Ga2Nb2O10, 
RbPb2Nb2O7 
 Solid state reaction > 420 nm, 450 
W Xe lamp 
H2 production from H2S. Band-gap energy 
of 2.75 eV for both (Kanade et al. 2008). 
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PbBi2Nb2O9 Pt As bought >420 nm, 450 W, 
Xe arc 
Water splitting, AgNO3 as an acceptor; 
Higher conversion rate for Pt-supported 
catalyst (Kim et al. 2004). 
PbBi4Ti4O15 Pt 0.1 wt%, wet 
impregnation 
Grinding, mixing, 
and heating 
>420 nm, 450 W, 
Xe arc 
Good photocatalyst for water splitting, 
band-gap 3.02 eV (Kim et al. 2006). 
PbSb2O6  Solid state reaction UV, 300 W Hg 
lamp 
Degradation of methylene blue, band-gap 
of 3.54 eV (Zhang et al. 2006c). 
PbTiO3 Pt 0.1 wt%, wet 
impregnation 
Grinding, mixing, 
and heating 
>420 nm, 450 W, 
Xe arc 
Water splitting from aqueous AgNO3 and 
MeOH, band-gap 2.98 eV. (Kim et al. 
2006) 
Sr2Bi2O5  Solid-state reaction > 420 nm, 300 
W Xe; and 365 
nm UV lamp 
Photodegradation of methylene blue dye, 
band-gap of 2.87 eV (Shan et al. 2009) 
Sr2Ta2O7 NiO Hydrothermal, using 
template 
UV, 350 W Hg 
lamp 
Water splitting, Nanosheet (Zhou et al. 
2009). 
Sr2Ti3O7 Pt 0.1 wt%, wet 
impregnation 
Grinding, mixing, 
and heating 
>420 nm, 450 W, 
Xe arc 
No water splitting behavior under 
visible-light band-gap 3.31 eV (Kim et al. 
2006). 
SrBi2O4 Ni-doping Co-precipitation > 420 nm, 350 
W Xe lamp 
Degradation of acetaldehyde and E.coil. 1 
wt% Ni-SrBi2O4 shows the highest rate 
with the band-gap of ca. 2.3 eV (Hu et al. 
2006). 
SrFeO3  Ultrasonic radiation > 410 nm, 450 
W Hg lamp 
Photodegradation of phenol, more 
absorption among 500-700 nm (Jia et al. 
2007).  
SrFeO3 
Ca2Fe2O5 
 citrate-nitrate 
combustion method 
UV, 250 W Hg 
lamp 
Photodegradation of methyl orange; 
SrFeO3 has better photocatalytic property 
than Ca2Fe2O5 (Yang et al. 2006). 
SrTiO3 Rh, Ru, Ir, Pd, Pt, 
Os, Re, and Co 
doping 
Sol-gel >300 nm, 1000 
W, Xe/Hg 
Water splitting, Rh doped shows the 
highest reaction rate, which is ca.6 times 
higher than the undoped SrTiO3 (Lehn et 
al. 1982). 
SrTiO3 Zr-doping Sol-gel UV light Photodegradation of methylene blue under 
UV. Band-gap of Zr-SrTiO3 is ca. 3.02 eV. 
(Chen et al. 2009). 
SrTiO3 N and S co-doping High energy 
grinding with 
thiourea 
> 410 nm, 450 
W Hg lamp 
Band-gap of catalyst is 2.37 eV. 
Photodegradation of NO, reaction rate is 
about 11 times higher than pure SrTiO3 
(Wang et al. 2009d). 
SrTiO3 Bi2O3 Solid state reaction > 440 nm, 300 
W Xe lamp 
Oxidation of methanol. 50 wt% of 
Bi2O3/SrTiO3 shows the highest activity 
(Zhang et al. 2006b). 
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Ta3N5  Sol-gel, and 
Ammonolysis of 
Ta2O5 
 Band-gap is 2.08 eV; potential candidate 
for photocatalyst (Henderson & Hector 
2006). 
TiO2/BaAl2O4 Eu, Dy doped Sol-gel 365 nm, 10 W 
black lamp 
Oxidation of gaseous benzene, 3 wt% 
TiO2/BaAl2O4 doped with Eu, Dy 
exhibited superior activity (Li et al. 
2009a). 
WO3  Solid state reaction > 400 nm, 400 W Hg 
lamp 
Photodegradation of RhB; reaction rate of 
Bi2WO6 is 8.8 times higher than WO3. 
(Zhang et al. 2006d). 
WO3-TiO2 Activated carbon Sol-gel-dipping- 
calcinations 
Visible, 500 W, 
Hg lamp 
Photolysis of Congo Red, reaction 
followed Langmuir-Hinshelwood mode 
(Sun et al. 2009). 
WS2  Thermal sulfidation >435 nm, 1000 
W Hg lamp 
Water splitting (Sobczynski et al. 1988). 
Y2Sn2O7  Hydrothermal Visible, 400 W 
Hg lamp 
Photodegradation of methyl orange (Li, 
Wang, & Yan 2006). 
YVO4 Rare earth-doping Hydrothermal  Eu-doped YVO4 emitted red luminescence 
under UV irradiation (Zheng et al. 2008) 
Zn2SnO4  Hydrothermal Max. 365 nm, 
125 W Hg lamp 
Photodegradation of methyl orange (MO) 
and production H2 from ethanol solution; 
Band-gap of 3.7 eV (Fu et al. 2009). 
Zn2SnO4 S-doped calcining with 
thiourea in argon 
Visible-light Photodegradation of Rhodamine B under 
visible-light. After S doping, the band-gap 
was sharply decreased from ca. 3.6 to 2.7 
eV (Lin et al.). 
Zn2SnO4  Hydrothermal 365 nm, 300 Hg 
lamp 
Degradation of K-NR and B-RN; dye 
completely decomposed after 2 h 
irradiation (Lou et al. 2006). 
ZnO Glazed ceramic 
tiles 
Screen-printing 
technique 
Vis,160 W Hg & 
sunlight 
Photodecolourisation of Orange II, 
increase the life-time (re-use) with ceramic 
tiles (Marto et al. 2009). 
ZnO S-doping, and 
ZnOxS1-x 
composites 
Co-precipitation, and 
calcinations with 
Na2S in N2 
> 400 nm, 300 
W Xe lamp 
Photodegradation of BR2 and 4-CC. 
ZnOxS1-x shows the best photocatalytic 
activity with the band-gap of 2.4 eV(Kim 
et al. 2007). 
ZnO-SnO Ag-doped Co-precipitation 365 nm, 15 W 
UV light 
Degradation of methyl orange, the 
3%Ag-doped sample shows the highest 
activity, with the band-gap of 3.02 eV 
(Wang et al. 2009c). 
ZnO-ZnWO4  Mechanical milling 
and heat treatment 
300 nm, 1kW 
Hg-Xe lamp 
Photodegradation of DMPO, there’s no 
beneficial effect to be gained from 
coupling ZnWO4 with ZnO (Dodd et al. 
2009). 
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ZnS Mn, Ni, and Cu- 
doped 
Sol-gel > 420 nm, 100 
W Hg 
Degradation of methylene blue and 
safranin at pH =11 (Pouretedal et al. 
2009). 
ZnS  Micro-emulsion 
solvent process 
UV light Photocatalytic activity of p-nitrophenol 
solution, higher rate than P25 (Li et al. 
2008). 
ZnS Pt As purchased >290 nm, 125 W 
Hg lamp 
Water splitting (Yanagida et al. 1982). 
 
1.3 TiO2 microwave dielectric resonator 
1.3.1 Dielectric materials for wireless communication 
Microwave dielectric materials play a key role with a range of applications in 
telecommunications, including TV, radio, GPS, and mobile phone. A small dielectric 
component is a key part to operate filters in several microwave systems. Most 
microwave (MW) systems are located in the 300 MHz to 30 GHz range (Figure 1.8). 
In microwave communication application, dielectric resonator filters are used to 
discriminate between wanted and unwanted signals frequencies in transmission of 
signals. 
 
A dielectric material is a non-conducting substrate (insulator), but also an efficient 
supporter of electrostatic fields where the dielectric polarization is important. If the 
current flow between opposite electric charge is kept to a minimum while the 
electrostatic lines of flux are not impeded, an electrostatic field can store energy 
(whatis.techtarget.com). Microwave dielectric resonator is a material naturally 
oscillates at some frequency in the microwave range, with greater amplitude than at 
others. Bulky coaxial or cavity filters made of Invar (a FeNi36 alloy) have been used 
for this purpose since 1970s (Ubic et al. 1998). The introduction of relatively high 
permittivities (εr) ceramic dielectric resonators made the miniaturization the size of 
equipments possible. A good MW ceramic must display a high εr to facilitate 
miniaturization, high efficiency (Q) to improve the signal selectivity, and 
temperature stability (τf) (Ubic et al. 1998). Many such materials have subsequently 
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been commercially exploited, such as perovskites (such as BaTiO3, SrTiO3…) (Salak 
et al. 2007), BaO-TiO2 system (Wu et al. 2002), TiO2 (Templeton et al. 2000), Nb2O5 
(Kim et al. 2008), Al2O3 (Wang et al. 2002), (Zr,Sn)TiO4 (Han et al. 1998), 
ceramic-polymer composites (Yang et al. 2008a) etc. 
 
 
 
 
 
 
 
 
 
 
 
 GHz 
Figure 1.8 Microwave frequency bands and corresponding applications (Ubic et al. 
1998). 
1.3.2 Basic Microwave properties 
Relative permittivity 
Permittivity (εr), or dielectric constant, describes how an electric field affects a 
dielectric material. It is determined by the ability of a material to polarize in the 
response field, and reduce the total electric field inside the material. In other words, 
permittivity relates to a material’s ability to transmit an electric field (Reaney & 
Iddles 2006). The optimism value of permittivity (εr) is no less than 50. As the 
permittivity value increases, the electric flux density increases. Because the size of a 
cylindrical microwave resonator is inversely proportional to the square root of its 
relative permittivity, therefore, a high εr is always desirable: 
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0 r
cD
f                                              Equation 1.13 
 
where C is the speed of light in vacuum, f0 is the resonant frequency, and D is the 
diameter of the resonator (Reaney & Iddles 2006). However, an extremely high 
value of εr (> 150) is not necessarily desirable neither, as the high εr material can 
break down (dielectric suddenly begins to conduct current) easily than the lower one. 
Quality factor, Q 
The quality factor, Q = 1/ tan δ (where tan δ defined as power-loss), is a measure of 
the efficiency or power-loss of a microwave dielectric system (Reaney & Iddles 
2006). A peak occurs in the transmitted signal amplitude at the resonant frequency 
with a finite width. The band width is defined at half its maximum amplitude (Δf0), 
which was always obtained by measuring at 3 dB below the maximum height of the 
resonance peak (Figure 1.9). 
 
 
 
 
 
 
 
 
 
 
Figure 1.9 Schematic showing a resonant peak and associated parameters (Reaney 
& Iddles 2006). 
 
Therefore, Q value can be determined by dividing the peak frequency with this width 
 40
      Literature Review     1                                   Chapter  
(f0/Δf0). It is obvious that a high Q corresponds to a narrow resonance peak, which 
gives high selectivity to a given frequency. In addition, the energy-loss normally 
increase with increasing frequency, therefore, Q also depends on frequency. For this 
reason, Q values are always reported with the frequency (f0), Qf, equal to the product 
of Q and the resonant frequency in GHz (Reaney & Iddles 2006). The quality factor 
is quite sensitive to the density of components, which was reported in many 
publications (Templeton et al. 2000; Pullar et al. 2008). 
Temperature coefficient of resonant frequency, τf 
The temperature coefficient of resonant frequency, τf is the parameter which 
indicates the thermal stability of the resonator. It measures the resonant frequency 
change when the temperature is changed by 1 Kelvin. Therefore, an ideal 
temperature coefficient of resonators should be as low as possible (preferably close 
to zero) in order to make the components useful under all temperatures. For example, 
a resonator material requires the temperature coefficient no more than 10 ppm K-1, 
corresponding to ca. 0. 1% shift of the resonant frequency within the operation 
temperature range (-30 to +80 oC).  The τf is related to τε and thermal expansion 
coefficient (α1):  
 
1 / 2f                                                 Equation 1.14 
 
where τε is zero temperature dependence of relative permittivity. (Sebastian & 
Jantunen 2008) 
1.3.3 Microwave dielectric properties of TiO2 
Barium titanate (BaTiO3) is an important and the most widely studied material used 
in the electronic industry due to its outstanding dielectric, piezoelectric and 
ferroelectric properties. Despite of well-known BaTiO3, TiO2 is also a useful 
dielectric material used as a resonator at microwave (GHz) frequencies. A typical 
 41
      Literature Review     1                                   Chapter  
TiO2 sintered disc has a low energy-loss (tan δ = 6 × 10-5 at a frequency of 3 GHz) 
and a high εr (around 100). However, as a dielectric resonator material, TiO2 is still 
unqualified, because of the exceptionally high temperature coefficient of resonant 
frequency (τf = ~ 450 ppm oC-1). The quality factor Q is often used in connection 
with dielectric resonators. Rutile powder has always been used as resulting sintered 
ceramics, because the sintering temperature is always higher than the anatase-rutile 
transition temperature. Sintering temperatures of up to 1500 oC are required to 
achieve dense samples of rutile for powders with starting TiO2 particles (normally in 
microsize), though lower sintering temperatures are possible in much finer starting 
nano-TiO2 powders (Yan & Rhodes 1983). If sintering occurs at high temperature, a 
slight reduction of TiO2 happens due to insufficient oxygen partial pressure. This 
reduction results in either the formation of oxygen vacancies, Ti4+ interstitials, Ti3+ 
interstitials, or oxygen vacancies Vo•• and Ti3+ species in octahedral lattice sites 
(Templeton et al. 2000). 
 
However, problems associated with Ti-containing ceramics have been highlighted in 
various publications. O’Bryan and co-workers (1974a & b; 1983; 1987) prepared 
barium titanates (Ba-Ti-O) ceramics and demonstrated that the phase composition in 
Ba2Ti9O20 was strongly influenced by the oxygen stoichiometry and the removal of 
secondary Ba-rich phases led to improved dielectric quality factors. Both Nomura et 
al. (1983) and Negas et al. (1993) determined that doping with Mn was necessary to 
obtain high-Q barium titanate materials. BaTiO3 is modified with acceptor dopant 
such as Mn which inhibits the formation of Ti3+ in accordance with the equation: 
 
Mn3+ + Ti3+ → Mn2+ + Ti4+                                  Equation 1.15 
 
Furthermore, Templeton et al. (2000) showed that dense (> 95% density) and high 
purity TiO2 showed a similar dielectric loss as barium titanates ceramics, Qf < 6000 
GHz, where a useful microwave dielectric resonator requires a Qf value normally 
higher than 20000 GHz. (Templeton et al. 2000) They demonstrated that doping with 
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a range of divalent and trivalent ions with ionic radii between 0.5 and 0.95 Å can 
dramatically decrease the dielectric loss. The low Qf associated with undoped TiO2 
was attributed to the presence of Ti3+ and oxygen vacancy (Vo••), whereas the 
improvement in Q in doped TiO2 was also due to similar charge compensation 
mechanism. This behaviour was further confirmed by Pullar et al. (2008) who 
investigated wider range of dopants on the quality factors. 
1.4 Synthesis of nano-TiO2 
TiO2 powder can be synthesized using dry (solid-state reactions) or wet-chemical 
methods (sol-gel, coprecipitation, hydrothermal batch reactions). Furthermore, 
coatings can be deposited on the powder using gas phase thermal deposition and 
plasma methods. In this section, the advantages and disadvantages of these 
techniques are briefly reviewed. 
1.4.1 Solid-state reactions 
Solid-state routes include synthesis of TiO2 at high temperature and produce solid 
phase TiO2 from various titanium precursors. This process involves a heating of a 
solution/compound containing redox mixtures/redox groups. During the reaction, the 
temperature reaches about 650 oC or above in order to make the product crystalline. 
Solid state reactions are usually slow, typically taking from several hours to days. 
There are several advantages of solid state reactions, such as ease of synthesis, 
availability of starting materials, and possibility of scale-up. However, as a 
conventional synthesis method, reactions require long durations and high 
temperatures. The products are usually associated with poor chemical homogeneity 
(sometimes secondary phases are present) and large particle size, often requiring 
further grinding (milling) steps to assist in homogenization followed by further 
heating. 
 43
      Literature Review     1                                   Chapter  
1.4.2 Sol-gel Technique 
The role of sol-gel synthesis TiO2 involves hydrolysis of Ti precursors, usually 
alkoxides in an alcoholic solution, initially resulting in the Ti(OH)4. Condensation of 
the hydroxide molecules leads to the formation of a titanium hydroxide network (Xin 
et al. 2005). As soon as all hydroxides are arranged and linked in one network, a dense 
and porous gel is obtained. Further heat-treatment of the hydroxides results in the 
crystallization of TiO2 nanoparticles. The sol–gel technique has many advantages over 
other synthetic techniques including high purity and homogeneity of the product 
obtained, and flexibility in introducing dopants with high concentrations, 
stoichiometry control, ease of processing, and the ability to coat large surfaces 
(Watson et al. 2003). However, a typical sol-gel reaction is always followed by a 
heat-treatment procedure (450-600 oC) to remove any organic compound and to 
crystallize either anatase or rutile TiO2. Clearly, the thermal treatment process may 
lead to a reduction in surface area, loss of surface hydroxyl groups (essential to 
photocatalytic reactions), or even induce phase transformation. Besides that, the 
process of cleaning particles is required by washing the surface with large amount of 
solvent. 
 
As titanium precursors, Ti(OE)4 (Okudera & Yokogawa 2003), Ti(OPi)4 (Chandler et 
al. 1993) and Ti(OBun)4 (Xin et al. 2005) are the most commonly used. The sol–gel 
method has been widely studied particularly for making doped TiO2 particles. Thus, 
metal ions such as Ca2+, Sr2+, Ba2+ (Al-Salim et al. 2000), Cu2+ (Tseng et al. 2004), 
Fe3+, V5+, Cr3+, Mn2+, Ni2+ (Wang et al. 2004), Pt4+ (Lopez et al. 1999), Co2+ (Di Paola 
et al. 2002b), Pb2+ (Zhao et al. 2004), W6+ (Di Paola et al. 2002a), Zn2+ (Yuan et al. 
2002); Ag+ (Xin et al. 2005), Au3+(Li & Li 2002a), Zr2+ (Dong et al. 2002), La3+ (Li & 
Serizawa 2004), and Eu3+ (Yang et al. 2002b) were introduced into TiO2 powders or 
films by the sol-gel technology, and the photocatalytic activity was improved to 
certain extents. Most commercial nano-TiO2 particles were synthesized using this 
method. Besides TiO2, many other nanoceramics have been successfully produced 
 44
      Literature Review     1                                   Chapter  
using this method, including SiO2 (Radin et al. 2009), Al2O3 (Farag et al. 2009; Wang 
et al. 2009e), V2O5 (Kruse et al. 2009), NiO and YSZ (Ozturk et al. 2009; Suciu et al. 
2008), hybrid materials (Desimone et al. 2009), calcium phosphate (Fellah & Layrolle 
2009), barium titanates (Wang et al. 2009a), and so on. 
1.4.3 Precipitation from solutions 
Besides sol-gel, one of the most widely used methods for preparing nanoparticles of 
TiO2 ceramics is the precipitation method (Gao et al. 1999; Qian & Shi 1998). This 
process involves precipitation of an originally water soluble Ti-salt precursor to 
make TiO2 nanoparticles. The formation and precipitation of Ti-hydroxides can 
usually be promoted by adding a base solution including sodium hydroxide, 
ammonium hydroxide solution, and urea. The resulting hydroxides were filtered and 
washed before being crystallized the final oxide by a heat-treatment step. The major 
disadvantage of this method is the difficulty in controlling the particle size as the fast 
and uncontrolled precipitation often takes place during the process. Because this 
process is time a consuming reaction, accelerating the precipitation process are of 
interest, thus microwave- assisted (Hao 2008) and sonication-assisted precipitation 
(Majumdar et al. 2008) have been developed. 
1.4.4 CVD and PVD 
Physical Vapour Deposition (PVD) is a thin-film deposition technique. The most 
commonly employed PVD technique is thermal evaporation, in which a material is 
evaporated and deposited onto a substrate. Various PVD techniques including electron 
beam physical vapour deposition (Agarwal et al. 2009), sputter deposition 
(Burmeister et al. 2005), cathodic deposition (Ikeda & Satoh 1993), and pulsed laser 
deposition (Kitazawa et al. 2006) have been adopted. PVD technique has several 
advantages: a fine control on stoichiometry, the possibility to use thermally sensitive 
substrates and the capability to grow nanostructures and cluster-assembled films by 
ablating material in presence of a reactive or protective gas.  
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Chemical Vapour Deposition (CVD) is one of the most flexible methods of the 
preparation of TiO2 films. It involves depositing a solid material from a gaseous phase 
and is similar to PVD in some respects. In CVD process, the precursor is first 
evaporated in a chamber under high temperature and subsequently deposited after 
reaction with other vapours (Choy 2003). CVD gives the product fine grains, high 
purity, and high hardness. There are various precursor materials can be used in CVD 
to produce TiO2 films, such as chlorides (TiCl4) (Pang et al. 2009), alkyls 
[Ti(CH2tBu)4], alkoxides (Ti(OiPr)4 (Li et al. 2007), dialylamides [Ti(NMe2)4] 
(Driessen et al. 1998), and diketonates [Ti(acac)4] (Quintavalle et al. 2002). 
1.4.5 Batch hydrothermal syntheses 
(c) 
(a) 
(d)
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.10 Morphologies of nanosized TiO2 synthesized by batch hydrothermal 
reactors, with refering to the respective references: (a) nanotubes (Chi et al. 2007), (b) 
nanorods (Li et al. 2009), (c) nanobelts (Zhang et al. 2007), or (d) nanowires (Baiju et 
al. 2009). 
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When a solvent (i.e. H2O) is brought to the supercritical condition (temperature ≥ 
374 oC; pressure ≥ 22.1 MPa), materials that are rather insoluble under ordinary 
conditions can be dissolved and recrystallized using this technique (Cushing et al. 
2004). Hydrothermal treatment could be useful to control grain size, particle 
morphology, crystalline phase, and surface chemistry by adjusting the reaction 
temperature, pressure, additives, and reaction time. The products are usually 
crystalline and do not require a further heat treatment. But this process is typically 
time-consuming, taking several hours or days to complete. 
 
The synthesis of TiO2 using hydrothermal batch synthesis was first studied in 1970s, 
when anatase, rutile and brookite phases were obtained (Izumi & Fujiki 1975; 
Schwarzm & Ognibeni 1974). By combining with sol-gel method, batch 
hydrothermal synthesis was also used to prepare mesoporous TiO2. An et al. (2008) 
utilized polyethylene glycol (PEG) as a structure-directing reagent to obtain large 
pore-sized TiO2 by adjusting the pH of solution. TiO2 nanotubes (Chi et al. 2007), 
nanorods (Li et al. 2009), nanobelts (Zhang et al. 2007), or nanowires (Baiju et al. 
2009), can be synthesized from Ti precursor by means of hydrothermal method in 
high concentration of alkaline solution (Figure 1.10). By introducing a titanium 
substrate/plate, Guo et al. (2008) successfully obtained nanotubes thin film from 
TiO2 using hydrothermal method. 
1.5 Continuous Hydrothermal Flow Synthesis (CHFS) 
Conventional methods for synthesizing particles can be broadly divided into two 
categories, mechanical micronization and chemical precipitation. Mechanical 
particle micronization of materials is performed by milling and grinding. However, 
these treatments often result in product damage or performance degradation that can 
be caused by particle traumata or frictional heat. The use of chemical precipitation or 
spray drying can alleviate some of the problems with mechanical methods but it is 
difficult to obtain particles with the desired particle size due to limitations in reaction 
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rate that is controlled by mass transfer or droplet sizes formed during spraying. More 
importantly, in these two methods, a large amount of organic solvents often have to 
be wasted which might be expensive and hazardous. The ideal synthesis method 
would be controllable, reproducible, and clean. This is a key issue in nanomaterials 
manufacture. The exploration of supercritical fluids preparation is one method to 
overcome these problems and limitations. 
 
In manufacture of high quality nanomaterials, hydrothermal processes offer 
significant benefits because they can be operated at relatively low synthesis 
temperatures and can be environmentally less damaging. In such a process, water is 
heated above its boiling point under pressure to cause hydrolysis and precipitation or 
crystallization of inorganic materials, usually oxides. To date, the majority of 
materials using hydrothermal routes have been undertaken in batch reactors, which 
brings drawbacks of being slow and difficult to scale-up. In contrast to batch 
hydrothermal processes, Continuous Hydrothermal Flow Syntheses (CHFS) methods 
have been extensively used for the efficient manufacture of nanoparticles. Kunio 
Arai and his colleagues at Tohuku University pioneered such flow systems in early 
1990s (Adschiri et al. 1992). Since then, a few groups around the world have 
modified and improved the CHFS system and expanded the range of materials that 
can be synthesized. This has also been a large amount of process development. 
1.5.1 Supercritical fluids and supercritical water  
Supercritical fluids, especially CO2 and water, can be expected to replace many 
volatile organic solvents used in material syntheses nowadays as green technology. 
Supercritical fluids have been widely used in many materials synthesis processes. 
Other supercritical solvents being studied are ammonia (Chen et al. 2003), 
isopropanol (Huang & Saka 2003; Kargin et al. 2003), chlorodifluoromethane (Pack 
et al. 2004; Pack et al. 2005), cyclohexane (Arai et al. 2007) and propane (Liu et al. 
2003b; Wright et al. 2003). Among many applications using supercritical fluids, 
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particle formation is the main research target. Herein, particle formation using 
supercritical fluid is mainly focused. 
1.5.1.1 Supercritical fluid 
Supercritical fluid (SCF) is termed as a substance when the temperatures and 
pressures exceed their critical points, critical temperature (Tc) and critical pressure 
(Pc) (Figure 1.11). The particular interests for SCF application are the ranges 
1<T/Tc< 1.1 and 1<P/Pc<2 (Cooper 2003). In this region, the SCF exhibits a single 
phase but with several advantageous properties of both liquids and gases. They have 
densities and solvent properties similar to those of liquids, whilst the viscosity and 
diffusivity comparable with that of gas (Kruse & Dinjus 2007). The SCFs’ density, 
which is related to solvent power, can be widely changed by a small change in 
temperature or pressure around the critical point (Quirk et al. 2004; Tom & 
Debenedetti 1991). Table 1.3 provides a list of critical constants for several 
representative fluids. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.11 Pressure-Temperature plane phase diagrams for a pure substance. 
 
The critical temperature of water is relatively high, whereas many compounds 
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become unstable at such condition. Consequently, supercritical water (SCW) is also 
an effective medium for the destruction of organic compounds (Bermejo & Cocero 
2006; Veriansyah & Kim 2007; Williams & Onwudili 2006) 
 
Table 1.3 Some commonly used solvents with their molecular weights, critical 
temperatures, pressures and their densities under supercritical conditions (Redraw 
based on Tom & Debenedetti 1991). 
Solvent Molecular 
Weight 
Temperature Pressure Density 
 g mol-1 K MPa g cm-3 
Water 18.02 647.3 22.12 0.348 
Carbon dioxide 44.01 304.1 7.38 0.469 
Acetone 58.08 508.1 4.70 0.278 
Ethane 30.07 305.3 4.87 0.203 
Ethylene 28.05 282.4 5.04 0.215 
Methane 16.04 190.4 4.60 0.162 
Methanol 32.04 512.6 8.09 0.272 
Propane 44.09 369.8 4.25 0.217 
Propylene 42.08 364.9 4.60 0.232 
1.5.1.2 Supercritical water 
Supercritical water (SCW), with the critical temperature and pressure of 647.3 K and 
22.12 MPa respectively (Reverchon & Adami 2006; Tom & Debenedetti 1991), has 
been used as a medium for chemical reactions for more than twenty years. Under 
ambient condition, liquid water is poorly miscible with organic compounds and 
gases, but it is a good solvent for various salts. When water is under supercritical 
conditions, its density drops down to 348 kg m-3 from 997 kg m-3 under ambient 
condition, and the phase boundary between liquid and gas disappears (Weingartner 
& Franck 2005). The resultant single phase possesses has high diffusion rate 
comparable with a gas and relatively high viscosity as a liquid (Kruse & Dinjus 
2007). A key advantage of chemistry in SCW is the possibility of varying the 
properties of the water over a wide range by changing the pressure and temperature. 
Dielectric constant ε and the ion dissociation constant Kw are two physical properties 
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describe the SCW and have a decisive effect on polarity and acid/base-catalytic 
properties. 
Dielectric constant 
The effect of high temperature and pressure on the structures and properties of water 
is complex and still not fully understood. It is generally accepted that water at sub- 
or supercritical conditions, both hydrogen bonding and molecular ordering are 
reduced. It indicates that the water structure is that of small, short-lived H-bonded 
clusters, with medium-to-long range structure being effectively disordered or 
gas-like (Kalinichev & Bass 1997; Boldrin 2008). A plot of the temperature 
dependency of the dielectric constant and density of water was shown in Figure 1.12. 
It shows that, in the vicinity of the critical point, where the dielectric constant of a 
weak polar solvent appears, the dissolving power of SCW is more likely that of an 
organic solvent (Brunner 2005). The density shows a decline as the temperature 
increases towards the critical point, and finally drops to the value of ca. 100 kg m-3 at 
the temperature above 420oC (Brunner 2005). 
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Figure 1.12 Dielectric constant and density of water, depending on temperature. 
(Adapted from Galkin & Lunin 2005) 
 51
      Literature Review     1                                   Chapter  
At supercritical conditions, water behaves like a non-polar organic solvent (Adschiri 
2002; Galkin & Lunin 2005). Therefore, most organic compounds and gases dissolve 
miscible in supercritical water. The ability supercritical water to dissolve organic 
compounds and oxygen make it an attractive medium for the oxidation of hazardous 
wastes. However, the polar inorganic salts are much less soluble at supercritical 
condition than at ambient. A higher the supersaturation leads a more rapid change in 
conditions for metal salts from ambient to near critical or supercritical conditions, 
providing an medium for the precipitation of inorganic nanoparticles (Adschiri et al. 
2002). 
Ion production 
An interesting effect shown by near critical and supercritical water is a change in the 
ion product. The ion-dissociation constant of water, Kw is the product of the 
concentrations of the dissociated ions H+ and OH-: 
[ ][wK H OH
 ]
igure 1.13 The ion dissociation constant of water at different temperatures and 
                                          Equation 1.16 
A decrease in Kw indicates a decrease in the relative number of dissociated H2O 
molecules.  
 
 
 
 
 
 
 
 
 
 
F
pressure (Taken from Fukushima 1999). 
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Shown in Figure 1.13 is the ion product of the hydrogen ion concentration and the 
hydroxyl-ion concentration of water versus temperature at variety of pressures. The 
value of Kw is 1x10-14 (mol L-1)2 at ambient condition, with the individual 
concentrations of H+ and OH- each being ca. 10-7 mol L-1. Thus, the pH of water at 
ambient condition is 7, being calculated by Equation 1.17: 
log[ ]pH H                                             Equation 1.17 
At high tempera
1.5.2 Supercritical water application 
There are two main applications of SCW that can be summarized as supercritical 
1.5.2.1 Supercritical Water Oxidation (SCWO) 
SCW is completely miscible with most organic compounds and oxygen, providing 
ture and high pressure, the value of the ion product will increase, 
until at 300 oC it reaches a maximum value of 10-11 mol2 L-2. Therefore, sub-critical 
water (~ 300 oC) provides a convenient reaction field for the ionic reaction, due to an 
increase in concentration (ca. 33.3 times) of H+ and OH- groups from the ambient 
condition (Adschiri 2002; Galkin & Lunin 2005). At temperatures above 300 oC, the 
Kw value varied dramatically with temperature and pressure, ranging 10-11 – 10-30 
mol2 L-2. 
water oxidation (SCWO) (Bermejo & Cocero 2006) and supercritical water particle 
formation (Hakuta et al. 2003b). The SCWO process indicates hydrothermal 
oxidation of hazardous organic wastes in supercritical water. The supercritical water 
particle formation is a process involving synthesis fine particles at the temperature 
and pressure in the supercritical region. 
an ideal environment for oxidation. The operating conditions for SCWO was 
reported under the pressure of 250 to 300 bar, and temperature of 460 to 650 oC 
(Killilea 1992). The whole destruction process lasts typically within only less than 
one minute (Veriansyah & Kim 2007). The advantages of SCWO over other 
oxidation methods (i.e. combustion) are the moderate operating temperature, 
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environmental friendly and abundance of water. SCWO is particular suitable in 
disposing high concentration of organics (Thomason & Modell 1984). Also SCWO 
is considered for the destruction of extremely hazardous compounds for safety aspect 
(Shaw et al. 1991). Other applications such as in chemical and paper making 
industry are also mentioned in several published papers (Modell et al. 1992; 
Thomason & Modell 1984). 
1.5.2.2 Supercritical water particle formation 
The application of supercritical water to synthesis fine particles dominates the 
1.5.3 Particle formation using Continuous Hydrothermal Flow Synthesis 
The critical temperature and pressure of water are 374 oC and 22.1 MPa, respectively. 
majority than most of the other possible applications in the recent years. The methods 
of fine particles (typically nanoparticles) formation using supercritical water can be 
classified into two categories namely hydrothermal synthesis under supercritical 
condition using batch reactors and flow reactors according to the mode of process. 
The continuous hydrothermal flow synthesis (CHFS) method uses a flow system with 
supercritical water and is a promising process for production of small size metal oxide 
particles, because short reaction time in a continuous manner can be achieved. Due to 
this reason, the CHFS reactor was widely used to synthesis wide range of 
nanoparticles. 
(CHFS)  
The dielectric constant of water at room temperature allows many inorganic salts to 
become soluble in water, and the dielectric constant decreases with increasing 
temperature at a given pressure, and inorganic metal salts become insoluble in 
supercritical water and precipitate from solution. Meanwhile, metal ions become 
hydrolyzed (Equation 1.18) and precipitated as crystalline metal oxides via 
dehydration step (Equation 1.19) at a high temperature.  
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 2 ( )x xML xH O M OH xHL  Hydrolysis step:             Equation 1.18 
ehydration step: 
 
/ 2 2( ) 2x x
xM OH MO H O D                Equation 1.19 
he CHFS method is a promising process for production of nano- and 
 a hydrothermal reaction, the degree of hydrolysis depends not only on the 
he hydrolysis of cations can be depicted in terms of the formation of polymeric 
Fe–OH + HO–Fe– = –Fe–O–Fe– + H2O                       Equation 1.20 
 
T
submicron-sized metal oxide particles almost instantly (< 1 min) using a continuous 
hydrothermal reactor. The method has also be employed for syntheses of nano-sized 
phosphor (Hakuta et al. 1999; Hakuta et al. 2003), magnetic materials (Cote et al. 
2002; Cote et al. 2003), photocatalyst (Zhang et al. 2009a & b; Sue et al. 2003; Sue et 
al. 2004a & b), dielectric materials (Hakuta et al. 2005; Ohara et al. 2006; Reveron et 
al. 2005; Reveron et al. 2006), biomaterials (Chaudhry et al. 2006), and particles for 
solid fuel cells (Weng et al. 2006). 
 
In
temperature but also on the characteristics of cation as well as on the pH of the 
hydrolyzing medium. For instance, hydrolysis constants of iron species are much 
larger than those of cobalt, and therefore, a higher pH is necessary to hydrolyze cobalt 
than iron. Precipitation reactions are typically carried out with a base (Hao & Teja 
2003). 
 
T
networks. Studies have shown that iron hydrolysis is very fast and the intermediate 
hydroxides begin to precipitate into a gelatinous solid almost instantaneously (Modell 
et al. 1992). Dehydration, on the other hand, is a slow process that involves the 
formation of oxygen bridges between metal cations. Several pathways have been 
suggested by Matson et al. (1992) for this process, in the investigation of Fe2O3 
synthesis, as follows: 
 
–
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or deprotonation according to the reaction 
 
    H 
Fe– = –Fe–O–Fe– + H+                              Equation 1.21 
oth reaction paths require rearrangement of metal hydroxide linkages to form 
ompared to the batch method, the dehydration rate of CHFS is enhanced because of 
1.5.4 Description of supercritical water flow reactor  
In general, for synthesis of nanoparticles via continuous hydrothermal flow reactor, 
he simplest hydrothermal flow system was developed at the Pacific Northwest 
     | 
–Fe–O–
 
B
bridges. The dehydration process is generally very slow at room temperature, but can 
be moderately increased at higher temperatures (Matson et al. 1992). It is proposed 
that hydrolysis and dehydration reactions can occur simultaneously for most cations, 
including iron (Hakuta et al. 2006). 
 
C
the sudden elevated temperature when the metal salt flow mixes with supercritical 
water in the flow reactor. Thus, there is no sufficient time for hydroxide growth before 
dehydration, resulting in much smaller hydroxide networks and smaller particles 
obtained (Adschiri et al. 1994; Adschiri et al. 1992). 
aqueous metal salt solutions or metal hydroxide solutions are fed by high pressure 
pumps. Distilled water is fed by another pump, and then the two streams are mixed at 
a mixing point such that the metal salt solutions reach the desired reaction temperature 
almost instantaneously. The lack of solubility of metal oxide and other particles in 
supercritical water leads to fine particle formation.  
 
T
National Laboratories (PNNL), USA. (Buehler et al. 1993) In the design of this 
system, only one HPLC (High-pressure Liquid Chromatography) pump was involved. 
A metal ion solution was pumped through a standard tube furnace with prolonged 
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heating distance (Figure 1.14) (Buehler et al. 1993). The solution relatively rapidly 
reaches the furnace temperature, and the particles nucleate and begin to grow. The 
product is collected as a slurry. This method was used to produce a number of 
materials, including NiO, CuO, Fe2O3, Fe3O4, ZrO2, ZnO, and NiFe2O4 (Buehler et al. 
1993). 
 
 
 
 
 
 
 
 
Figure 1.14 Diagram of one-pump hydrothermal flow equipment built at PNNL 
nother widely used design was developed at Tohoku University, Japan. (Adschiri et 
(Buehler et al. 1993). 
 
A
al. 1992) This system works by mixing a stream of supercritical water with a stream 
of inorganic salts in solution in a continuous manner (Figure 1.15) (Adschiri et al. 
1992). It consists of two HPLC pumps, one pump for an aqueous metal salt solution 
(or mixture of metal salts), and the other pump for deionized water through a heater. 
The two feeds meet at a simple tee-piece mixing point, where the particles are 
precipitated. The stream is maintained at a high temperature by an external pipe heater, 
and is then cooled to ambient temperature. Any large particles or agglomerates are 
filtered out by an in-line filter. Finally, the stream flows out through the back pressure 
regulator, which lowers the pressure down to normal atmospheric pressure, and is 
collected as slurry. This two pumps system has been successfully synthesized many 
nanocrystalline ceramics, including simple oxides such as Fe2O3 (Adschiri et al. 1992), 
CoO (Cabanas et al. 2001), Co3O4 (Adschiri et al. 1992), NiO (Adschiri et al. 1992), 
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ZrO2 (Adschiri et al. 1992), CeO2 (Hakuta et al. 2003), as well as mixed oxides such 
as CexZr(1-x)O2 (Cabanas et al. 2000; Cabanas et al, 2001) and CoFe2O4 (Cote et al. 
2003) and other compounds such as La(OH)3 (Galkin et al. 2000) and AlO(OH) 
(Adschiri et al. 1992). 
 
 
 
 
 
 
 
 
 
 
Figure 1.15 Schematic diagram of two pumps CHFS developed at Tohoku University 
igure 1.16 Schematic diagram of hydrothermal synthesis of fine particles in 
in Japan (Adschiri et al. 1992).  
 
 
 
 
 
 
 
 
 
 
 
 
F
supercritical H2O using a flow reactor (Sue et al. 2004). 
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However, some particles which can not be precipitated at neutral condition (such as 
ater, researchers have modified the basic three pumps system and developed a 
ZnO), an additional third HPLC pump need to be introduced. Initially, researchers 
used this to pump a basic solution (KOH) in order to precipitate the metal salt in situ 
(Figure 1.16). The base feed and the metal ion feed can meet either before or after 
one of the two feeds meets the supercritical water feed. This was found to have 
interesting effects on the particle size or shape. More recently, the third pump has 
been used for pumping components other than just KOH. For example, LiOH has 
been used in order to produce LiCoO2 (Adschiri et al. 2001), and (NH4)2HPO4 has 
been used to precipitate hydroxyapatite, [Ca10(PO4)6(OH)2], calcium phosphates 
(Chaudhry et al. 2006), and sodium titanate (Na2Ti3O7). 
 
L
reactor with cold-mixing and hot-mixing configuration. In cold-mixing, the base 
solution meets with metal salt solution, and then mixed with preheated water. In hot 
mixing, base solution premixed with deionized water first at room temperature. The 
mixed stream is heated to the supercritical condition before contacting with the metal 
salt feed. Cote and Teja (2002) found that Fe2O3 has a more uniform particle size 
distribution if the hydroxide solution was mixed with SCW feed before the metal salts 
were added [see Figure 1.17 (a)]. In addition, Hakuta et al. (1998) obtained spherical 
ZnO with hot-mixing, whereas rod-like ZnO obtained when cold-mixing 
configuration is adopted [see Figure 1.17 (b)]. 
 
 
 
 
 
 
 
 
 
 59
      Literature Review     1                                   Chapter  
Cold-mixing Hot-mixing 
 
Hot-mixing Cold-mixing 
(a) 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.17 SEM images of (a) Fe2O3 (Cote et al. 2002) and (b) ZnO particles 
 either previous three or two pumps system, tee mixing point was designed as a 
(Hakuta et al. 1998) obtained from three-pump hydrothermal flow reactor with cold- 
and hot-mixing configuration respectively. 
 
In
vertically up-right T-piece (Figure 1.18) (Sue et al. 2004). Supercritical water feed 
entered the reactor via the side arm, whilst the aqueous metal salt was pumped 
through the top arm. This design has serious problems such as particle accumulation 
and agglomeration, resulting in a narrowing and eventual blockage of the pipes 
(Lester et al. 2006a). Thus, the apparatus usually required clean-up between runs. 
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Metal salts + Base  
 
 
 
 
 
 
 
Figure 1.18  
 
(a)                                       (b) 
Figure 1.19 Sc onstruction of 
he optimized reactor, termed as the nozzle reactor or counter-current reactor, was 
 Detail of Tee mixing point in production of metal oxides. (Sue et al.
2004) 
 
 
 
 
 
 
 
 
 
 
 
 
hematic of (a) the ‘nozzle reactor’ design and (b) the c
the ‘nozzle reactor’ (Lester et al. 2006a). 
 
T
developed by a group of researchers at Nottingham University (Lester et al. 2006a & 
b). They designed a new nozzle reactor as sketched in Figure 1.19 (a). It’s a 
pipe-in-pipe concentric arrangement in which the internal pipe has an open-ended 
 
Metal salts + Base
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nozzle. The supercritical water is fed downwards through the internal pipe and out the 
end of the nozzle; the aqueous metal salt steam is fed counter-currently upwards 
through the outer pipe. The construction of this reaction is shown schematically in 
Figure 1.19 (b). The design shows the excellent mixing mechanics and an 
improvement in process reproducibility, due to the good mixing, minimal salt solution 
pre-heating, and rapid heating. 
 
As mentioned previously the formation of metal oxides from metal salt solutions is 
1.6 Hypothesis and aims 
According to the literature review in Section 1.5, Continuous Hydrothermal Flow 
s discussed in Section 1.2, TiO2 materials are of interests for photocatalysis 
believed to occur via hydrolysis, nucleation, and dehydration (Cote et al. 2002). A 
sudden increase in temperature when contacting with hot water results in a sudden 
drop in the solubility, resulting in a very high degree of supersaturation. Consequently, 
metal oxide nanoparticles are produced at the mixing point of water and salt solution 
almost instantly. If using base through the auxiliary pump, an even higher 
supersaturation is generated. After precipitation, the particles experience growth and 
recrystallization in the reactor. Since the residence time in the reactor is very short, 
recrystallization is assumed to be less likely, resulting in small particle size. 
Synthesis (CHFS) using a supercritical water feed should effectively produce 
nanoparticles due to the increase in temperature of the cold metal salt. Based on this 
hypothesis, the synthesis of high surface area nanosized TiO2 powder was made 
using a CHFS reactor. 
 
A
applications such as water splitting and organic dye destruction (Houlihan et al. 
1976;Shaban & Khan 2008). The phase (usually anatase or rutile) and the surface 
area of TiO2can have a strong influence on the photocatalytic properties. Typically, 
highly crystalline anatase of ultra-fine particle size (< 20 nm) is often considered 
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desirable for catalytic applications. In this work, the CHFS synthesised TiO2 
powders were heat-treated in air, and the photocatalytic activities of the products 
were assessed. In order to enhance the visible-light absorption of the TiO2 catalysts, 
the “as-prepared” nano-TiO2 powders were also heat-treated in ammonia gas (to give 
a nitrogen doping). Post-surface modification (surface doping) for the as-prepared 
TiO2 has been made. In addition, TiO2-based mixed ceramic composites (with CeO2) 
were developed to enhance the photocatalytic activity under the visible-light. 
Furthermore, another active TiO2-derived photocatalysts were made by adding 
chemical additives from the auxiliary pump of the CHFS system. 
  
A major advantage of CHFS is its ability to make materials from water soluble 
se on the above hypotheses, the main aims of this project/thesis can be outlined as 
) To synthesize crystalline and phase-pure nano-TiO2 anatase in the CHFS system 
2) To demonstrate control over particle properties by adjusting CHFS system 
 
) To post-treat CHFS synthesized nano-TiO2 (as-prepared) by heating in air, 
precursors in a very short period of time (few seconds). It was assumed that the 
introduction of doping metals into TiO2 can result in the improving properties for 
different applications. It was also hypothesized that the initial use of smaller 
nano-TiO2 synthesized using the CHFS method for consolidation via novel sintering 
method will result in denser materials for microwave dielectric application. 
Therefore, based on this, a library of titania ceramics with different dopants was 
produced using CHFS, and relative properties of the ceramics were tested, and a 
useful materials will be developed for each application. 
  
Ba
follows: 
 
(1
in a rapid single-step manner and design a CHFS system for this purpose. 
 
(
parameters 
(3
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) To synthesize TiO2-derived materials with better photocatalytic activity under the 
) To synthesize photoactive TiO2-based composites (or solid solutions), which may 
6) To synthesize a library of TiO2 ceramics with various metal dopants, and to 
heating in NH3, and surface doping to enhance the photocatalytic activity of TiO2 
photocatalyst towards destruction of organic dyes under the visible-light. 
 
(4
visible-light. 
 
(5
be more active as a result of favourable electron-hole pair separation. 
 
(
assess them for their photocatalytic activities (on as-prepared materials) as well 
as the microwave dielectric properties (as sintered materials).  
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Chapter 2 Experimental Methods 
In this chapter, various continuous hydrothermal flow synthesis (CHFS) set-ups, 
experimental procedures and characterisation methods employed are to be brought 
together. The metal salts precursors and synthesis conditions utilized in synthesis are 
all presented. More detailed information will be given in the corresponding results 
chapters. 
2.1 Materials and chemicals 
Materials used during this thesis are given in Table 2.1 with the information of 
chemical formula, supplier and purity. In addition, all water used in this thesis (except 
water pass through the external circuit of the cooler) was deionised (DI) water, whose 
electrical resistivity is 10 MΩ indicating highly pure water used. 
 
Table 2.1 Details for the chemicals used for synthesis and testing. 
Chemical Formula Supplier Purity/Grade 
Titanium (IV) bis 
(ammonium lactate) 
dihydroxide  
[CH3CH(O-)CO2NH4]2Ti(OH)2 Sigma-Aldrich 
(Dorset, UK) 
50 wt% in water 
Postassium 
hydroxide 
KOH VWR int’l 
(Leicestershire, UK) 
> 85 % 
Sodium hydroxide NaOH Sigma-Aldrich 
(Dorset, UK) 
≥ 98 % 
Vanadium (IV) 
oxysulfate hydrate 
VSO5•H2O Fisher (Leicestershire, 
UK) 
99 % 
Iron(III) nitrate 
nonahydrate 
Fe(NO3)3•9H2O Sigma-Aldrich 
(Dorset, UK) 
≥ 98 % 
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Manganese(II) 
nitrate tetrahydrate 
Mn(NO3)2•4H2O Reiedel-del Haën 
(Germany) 
≥ 97 % 
Nickel nitrate 
hexahydrate 
Ni(NO3)2•6H2O Reiedel-del Haën 
(Germany) 
> 99 % 
Zirconyl(IV) nitrate 
hydrate 
ZrO(NO3)2•H2O Sigma-Aldrich 
(Dorset, UK) 
99 % 
Copper(II) sulphate 
pentahydrate 
CuSO4•5H2O Sigma-Aldrich 
(Dorset, UK) 
> 98 % 
Zinc(II) nitrate 
hexahydrate 
Zn(NO3)2•6H2O Sigma-Aldrich 
(Dorset, UK) 
98 % 
Ammonium 
cerium(IV) nitrate 
Ce(NH4)2(NO3)6 Sigma-Aldrich 
(Dorset, UK) 
≥ 98.5 % 
Erbium(III) nitrate 
pentahydrate 
Er(NO3)3•5H2O Aldrich 
(Dorset, UK) 
99.9 % 
Yttrium nitrate 
hexahydrate 
Y(NO3)3•6H2O Sigma-Aldrich 
(Dorset, UK) 
≥ 99 % 
Neodymium(III) 
nitrate hexahydrate 
Nd(NO3)3•6H2O Sigma-Aldrich 
(Dorset, UK) 
≥ 99.9 % 
Praseodymium(III) 
nitrate hexahydrate 
Pr(NO3)3•6H2O Sigma-Aldrich 
(Dorset, UK) 
 99.9 % 
Bismuth(III) nitrate 
pentahydrate 
Bi(NO3)3•5H2O Sigma-Aldrich 
(Dorset, UK) 
≥ 98.5 % 
Lanthanum nitrate 
hexahydrate 
La(NO3)3•6H2O Sigma-Aldrich 
(Dorset, UK) 
> 99 % 
Calcium nitrate 
tetrahydrate 
Ca(NO3)2•4H2O Sigma-Aldrich 
(Dorset, UK) 
> 99 % 
Silver nitrate AgNO3 Fisher ≥ 99 % 
Strontium nitrate Sr(NO3)2 Sigma-Aldrich 
(Dorset, UK) 
≥ 99 % 
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Barium nitrate Ba(NO3)2 Sigma-Aldrich 
(Dorset, UK) 
≥ 99 % 
Methylene blue C16H18CIN3S•3H2O Acro Organics (UK) > 99 % 
Ammonia (60 vol%) 
and argon gas 
NH3 (60 vol%) / Ar BOC, UK > 99 % 
2.2 Continuous Hydrothermal Flow Synthesis (CHFS) systems 
Two three-pump high pressure CHFS systems were used in this work and are 
described in this thesis. Both of the systems share the majority of features in common, 
but incorporated a small number of modifications. The first continuous hydrothermal 
flow system was initially built by P. Boldrin and A.A. Chaudhry at Department of 
Materials, QMUL in 2005. This system was quoted as CHFS System 3 in their thesis 
(2008). The system was recently re-built at UCL in Aug. 2007, by Z. Zhang, J. 
Goodall, and X. Weng according to the same design, the schematic of which is show 
in Figure 2.1. 
 
This system consists of three feeds: a supercritical water feed, a metal salt feed, and 
an auxiliary feed. Three Gilson 305 HPLC pumps fitted with 25 SC-type piston pump 
heads are connected with the reactor via 1/8’ tubings. Each feeds passes through a 
one-way check valve to ensure a correct flow direction, and then diverted by a 1/8” 
cross-piece (SS-200-4, Swagelok™) to a pressure release valve (SS-4R3A, 
Swagelok™), a pressure gauge (RSCAL 2435903, RS Component), and finally the 
counter-current reactor. Three pressure gauges are attached to monitor the pressures of 
each feeding line. The pressure release valves are installed to ensure a safe system 
operating pressure (< 4500 psi or 31 MPa), upon which the release valves will release 
automatically, allowing pressure to dissipate. 
 
The water feed then passes through an electrically powered water pre-heater built 
using ca. six meters 1/4” stainless steel tubing (316 SS Swagelok™ ), the design of 
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Figure 2.1 Flow chart of three-pump CHFS systems used during the course of this 
work. The schematic was prepared by P. Boldrin at QMUL, and adapted from his 
thesis (2008). 
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which is shown in Figure 2.2. The 1/4” stainless steel tube is coiled and wound 
around an aluminium core (Al 6082). The core was drilled and inserted with a 1000 W 
Watlow™ heating cartridge rod beforehand. After that, two Watlow™ band heaters 
(4” in length and 2.5” in dia, 750 W) are fitted around the tubing. The heater is then 
insulated by a Microtherm™ Flex Quilt inside a ceramic blanket to maintain the high 
operation temperature. All the components and tubing is finally secured by two 
stainless steel end plates using brass studding and wing nuts. Cold water flows in the 
bottom of the heater through the coiled tubing, and out from the top. This form of 
cooling proves very effective, with the water exiting from the heater being the same as 
the pre-setting temperature. The cartridge rod and two band heaters are connected into 
a Watlow™ heating controller via three Watlow™ J-type thermocouples to monitor 
the temperature at the top and bottom of the pre-heater. 
 
 
 
 
 
 
 Outer band heaters (Watlow)  
 
 
 
 
 
 
 
 
Figure 2.2 Schematic diagram of electrically powered water pre-heater built and used 
in CHFS system (according to the Nottingham University design, as provided by Dr. P. 
Hamley). The diagram is adapted from PhD thesis of S. Kellici (2006), QMUL. 
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Figure 2.3 Mixing point (b) and its illustration drawing (a) of CHFS system showing 
the feed flow in the counter-current reactor. The drawing was prepared by K. 
Thompson of UCL in 2008. 
 
The metal salt and auxiliary feeds are combined together at a Tee piece (Swagelok™, 
SS-200-3 1/8" SS) then flows up into the mixing zone. The mixing zone is based on 
the counter-current ‘nozzle’ reactor according to the design by Lester et al. (2006), the 
diagram and photograph of which is shown in Figure 2.3. The counter-current reactor 
consisted of 1/8” 316SS Swagelock™ pipe swaged into a 3/8” 316SS Swagelock™ 
cross-piece. The supercritical water feed flows downwards through a 1/8” tube inside 
the 3/8” tube, and then contact with a upwards flow of metal salt feed (pre-mixed with 
auxiliary feed at Tee point). The reaction occurs at the end of 1/8” tube, where the 
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nucleation takes place. 
 
The reactant mixing is almost instantaneous, resulting in rapid heating of the metal 
salt. The two reactants can induce eddies due to the density differences towards the 
reactor outlet (one side arm of a 3/8” cross-piece). The temperature of the 
mixing-point is monitored by a K-type thermocouple at the other side of the 
cross-piece (opposite to the outlet). A 200 W Watlow™ band heater (2” in dia and 5” 
in length, set at the same temperature as the pre-heater) is applied around the 
mixing-point to maintain a high reaction temperature. The band heater is controlled 
and monitored by a Eurotherm™ controller (Model 2216E). The final flow exits at 
3/8’ elbow of ca. 10 cm in length which has a 90 o bend and leads downwards into a 
water jacket cooler. 
 
10
0 
cm
 
Cooling water inlet 
3/4” 316SS tube 
1/4” 316SS tube 
Hot suspension 
 
 
 Cooling water outlet 
 
 
 
 
 
 
 
 
 
 
 Cooled suspension 
 
Figure 2.4 Schematic diagram of water jacket cooler used in CHFS system. 
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The cooler consisted of two pipe-in-pipe tubing made of stainless steels (316SS) 
continuously cooled by cooling water supply was shown in Figure 2.4. The flow of 
the cooling water around the 1/4” tubing is from bottom and exit from the top in order 
to ensure full water in outer pipe (3/4”) at all time. The length of water used in this 
system is 1 m, which is twice longer than the previous design of system (quoted as 
‘System 2’ in both A.A. Chaudhry and P. Boldrin’s thesis). Both designs provide 
enough cooling to keep the temperature of the water exiting the system at or below 40 
oC. The water cooled particles first pass through a Nupro™ 7 μm in-line filter (Model 
SS-2TF-7, Swagelock™) to remove any larger aggregates and are collected as a 
suspension after passing through a Tescom™ back-pressure regulator (BPR, Model 
26-1762-24-194). The BPR is used to maintain the pressure at 3500 psi (24.1 MPa) at 
all times.  
2.3 Synthesis procedures 
All synthesis methods involved in the study are described herein. Detailed 
information of chemicals used to make solutions, synthesis conditions (temperature, 
salt concentration, pH, flow rates etc), and post-treatment methods are presented. 
2.3.1 Synthesis of high surface area nano-TiO2 and effect of CHFS system 
parameters (Chapter 3) 
Synthesis of nano-TiO2 
Nano-TiO2 was made in the CHFS reactor with an as-received TiBALD solution 
being diluted to concentrations of 0.4 M (40 mL TiBALD in 200 mL DI water). The 
final concentration of metal salt before contacting with supercritical water was 0.2 M 
(due to in-line dilution with water from auxiliary pump in Figure 2.1). All reactions 
were carried out using a superheated water feed at 400 oC and 24.1 MPa. HPLC pump 
rates of 20, 10 and 10 mL min-1 were used for supercritical water feed (via pump 1), 
titanium precursor (pump 2) and the cold water feed (pump 3), respectively. Slurries 
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from the exit of the back pressure regulator were transferred into 50 mL falcon tubes 
and centrifuged (5100 rpm for 60 min), and then around 45 mL of liquid was removed 
and replaced with 45 mL of clean deionized water in each centrifuge tube, followed 
by shaking to disperse the solids. Each tube was further centrifuged (5100 rpm for 60 
min) and this cleaning procedure was repeated twice with a final removal of 45 mL of 
liquids. The wet solids were freeze-dried overnight (ca. 22 h). The dried material 
obtained at the above condition (labeled as S1) is not only used in this study, but also 
used as a standard starting material for post-treatments, such as heat-treatment, 
nitridation, and surface impregnation onto titania. 
Effect of temperature 
Five different reactions were carried out to study the effects of temperature on the 
product properties. The concentration of metal salt (TiBALD, 0.4 M), flow rates (20, 
10, and 10 mL min-1) are identical to the above synthesis. In this study, an extra 
Watlow™ band heater was used around the counter-current reactor. The temperatures 
of pre-heater were set at 300, 350, 400/400 (with band heater applied, set at 400 oC), 
450, and 450/450 oC (band heater, set at 450 oC) for respective reactions, and the 
cleaned and freeze dried samples were labeled as S2 - S6 correspondingly, followed 
the same centrifuge, cleaning and drying steps as described in Section 2.3.1 a. Results 
were compared with the standard product (S1). 
Effect of concentration 
Five different reactions were carried out in this study. The temperature of water 
pre-heater was adjusted to 400 oC (no band heater used in this case), and the flow 
rates were maintained at 20, 10 and 10 mL min-1 for each pump as described above. 
The concentration of TiBALD solution was made at 0.05, 0.1, 0.2, 1 and 2 M, which 
labeled as S7-S11 respectively. Characterization results were compared with the 
standard product (sample S1). 
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Effect of flow rate 
As flow rates of each feed from HPLC pump determines the reaction time in the 
reactor between flows, two separate reactions were carried out to study the flow rate 
effect on the final products. The concentration of each precursor was made at 0.4 M, 
and temperature was set at 400 oC (with no additional band heater applied). The flow 
rates were adjust to 10, 5, 5 mL min-1 and 25, 12.5, 12.5 mL min-1. The three flow 
rates represent flow rates of supercritical feed, TiBALD solution feed, and cold water 
feed, respectively. The samples made at low and high flow rates were labeled as S12 
and S13. 
Effect of base 
The concentration of each precursor was made at 0.4 M, and temperature was set at 
400 oC (with no additional band heater applied). A flow of base solution (KOH) was 
pumped from the auxiliary pump (used to pump cold water). The flow rates were 
adjusted to 20, 10, and 10 mL min-1 for supercritical feed, TiBALD solution feed, and 
KOH base feed, respectively. Four different concentrations of KOH were involved in 
this study, 0.05 M (0.56 g in 200 mL water), 0.1 M (1.12 g in 200 mL water), 1 M 
(11.2 g in 200 mL water) and 2 M (22.4 g in 200 mL water). Slurries need to be 
cleaned carefully to remove any residual base. Samples were labeled as S14, S15, S16 
and S17, respectively. The experimental conditions for each sample were listed in 
Table 2.2. 
2.3.2 Post-treatment of nano-TiO2 photocatalyst (Chapter 4) 
Heat-treatment in air 
A chamber furnace (Lenton, model UAF18/5) was used in this study to heat-treat the 
pure synthesized titanium dioxide powders, which is located at SEMS, QMUL. The 
maximum temperature of this furnace is 1800 oC. The target temperature, maintaining 
time, heating and cooling rates were set each time before starting the heating process. 
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Small amount (ca. 0.5) of identical standard TiO2 samples (Sample S1, synthesized 
via CHFS in section 2.3.1 a) were mounted on a platinum substrate before transferred 
into the furnace. Samples were heated starting from room temperature increase the 
heating target. Each sample was heat-treated in air for 1 h at the corresponding target 
temperatures (range 100–1100 oC, at 100 oC intervals), excluding time for heating and 
cooling (at a rate of 10 and 20 oC min−1, respectively). Photocatalytic activity was 
assessed on all samples towards decolourisation of methylene blue dye under the 
visible-light, the details of which will be given in Section 2.5. 
 
Table 2.2 Samples IDs, precursor concentrations, flow rates and temperatures used in 
synthesis of nano-TiO2, and investigate the effects of experimental parameters on the 
products. 
Conc. of precursors 
M 
Flow rate 
mL min-1 
Temperature 
oC Sample 
ID. 
TiBALD KOH TiBALD KOH H2O Heater 
Band 
Heater
S1 0.4 0 10 10 20 400  
S2 0.4 0 10 10 20 300  
S3 0.4 0 10 10 20 350  
S4 0.4 0 10 10 20 400 400
S5 0.4 0 10 10 20 450 
S6 0.4 0 10 10 20 450 450
S7 0.05 0 10 10 20 400  
S8 0.1 0 10 10 20 400  
S9 0.2 0 10 10 20 400  
S10 1 0 10 10 20 400 
S11 2 0 10 10 20 400 
S12 0.4 0 5 5 10 400 
S13 0.4 0 12.5 12.5 225 400  
S14 0.4 0.05 10 10 20 400  
S15 0.4 0.1 10 10 20 400  
S16 0.4 1 10 10 20 400  
S17 0.4 2 10 10 20 400  
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Nitridation of nano-TiO2 photocatalyst (heat-treated in NH3) 
A Lenton tube furnace (Model LTF17/75/600, UK) located at SEMS, QMUL, was 
modified and used in TiO2 nitridation studies. The maximum temperature for this 
model of furnace is 1700 oC. The furnace incorporated a gas-feeding system, and 
whole heating and cooling process was programmable using a Eurotherm™ controller 
(Model X26, UK). The installation set-up of the furnace is shown in Figure 2.5. 
Freeze-dried standard nano-TiO2 powder (ca. 1. g, Sample S1 in section 2.3.1 a), 
synthesized by CHFS, was placed on a platinum plate before being transferred into 
the tube furnace. Initially, a flow of ammonia/argon (60/40 vol.%), at a rate of 50 mL 
min-1, was maintained for 60 min through the tube to remove air and water. After a 
brief period for stabilization of the gas flow to 200 mL min-1, the furnace was heated 
from room temperature to a set point at the rate of 10 oC min-1 (the set-points ranged 
from 400 to 1100 oC over all the experiments). The data herein are largely for the 
samples up to 1000 oC with selected information on the 1100 oC sample also being 
given. The set-point temperature was maintained for up to 5 h, whereupon the furnace 
was allowed to cool at 20 oC min-1 under the same gas flow. The photocatalysts 
obtained were ground with an agate mortar before use. 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 The installation setup of a tube furnace incorporated a gas-feeding system. 
Sample 
Gas cylinder 
Bubbler 
 
Tube furnace
Bubbler 
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Surface impregnation 
Starting material used in this study is in the form of slurry, the synthesis of which was 
reported in Section 2.3.1 a (same synthesis condition as Sample S1, but not freeze 
dried). 100 mL TiO2 slurry were directly collected from the system using two 
identical 50 mL Falcon centrifuge tubes. Slurry was centrifuged and cleaned. The 
centrifuge tubes containing cleaned wet solids were again re-filled with deionized 
water, and the solids re-dispersed. The washed slurries were transformed into two 50 
mL glass beakers (Duran™, UK), where 0.430 g and 1.075 g of vanadium oxysulphite 
(VSO5) salts were added into respective beaker in order to make 10 and 25 mol% 
V-salt solutions (slurry). A magnetic flea (15 mm long) was added into each beaker, 
and the beakers were sealed by parafilm (Teklab Ltd, UK) before being continuously 
stirred on a magnetic stirrer (RET C, IKA-WERKE™) at room temperature (200 rpm / 
24 h). The colour of the slurries gradually change from bluish grey to dark green 
during the experiment, indicating a possible chemical reaction occurs between the salt 
and TiO2. The obtained slurries were centrifuged and washed six times in order to 
eliminate all remaining unreacted salts. The green wet solids were freeze dried 
overnight before use, and samples were denoted as V-surf (10 %) and V-surf (25 %), 
respectively. 
2.3.3 Synthesis of large 2D sodium titanate nano-sheets (Chapter 5) 
The as-prepared sodium titanates nanomaterials were made using a continuous 
hydrothermal flow synthesis (CHFS) reactor, the design of which was described in 
Section 2.2. For the synthesis of sodium titanate nano-powders, an aqueous 
solution of 0.4 M TiBALD was pumped to meet a flow of NaOH at room 
temperature at a Tee piece (the concentration of NaOH solution was made at 2, 4, 
8, 10, 12 and 15 M for different reactions). This mixture then met a flow of 
superheated water at the mixing point (a counter-current mixer), whereupon rapid 
precipitation of occurred. The aqueous suspension was cooled via a water jacket 
cooler, passed through a 7 μm in-line filter, and the white slurry was collected 
 77
Chapter 2                                                    Experimental Methods 
from the exit of the back-pressure regulator. HPLC pump rates of 20, 10 and 10 
mL min-1 were used for superheated water feed, TiBALD solution feed and the 
NaOH aqueous solution feed, respectively. The supercritical water feed was at 450 
ºC and 24.1 MPa, whilst the other feeds were at room temperature initially. 
Slurries were centrifuged (5100 rpm 15 min), cleaned [DI water with shaking to 
remove any residual NaOH (this was when the pH of the washing water also 
reached pH = 7)], and freeze-dried overnight. Selected freeze-dried samples were 
also heat-treated (700 oC, 5 h) or acid washed (0.01 M HCl). More detailed 
information will be given in Chapter 5. 
2.3.4 Synthesis of cerium titanates composites (Chapter 6) 
All CeO2-TiO2 nano-powders used for characterization were made using a continuous 
hydrothermal flow synthesis (CHFS) reactor as described in Section 2.2. For the 
synthesis of CexTi(1-x)O2 (x= 0 - 1, the interval is of 0.1), an aqueous solutions of 
TiBALD (0.4 M, 20 mL TiBALD in 100 mL water) and cerium (IV) ammonium 
nitrate (0.4 M, 43.46 g in 200 mL DI water) was made separately. The mole ratios of 
the compounds were achieved using a pipette (Eppendorf, UK). The solution mixtures 
were pumped, respectively, to meet a flow of room temperature water at a tee junction 
and this mixture then met superheated water at the mixing point, whereupon rapid 
precipitation of crystalline CeO2-TiO2 occurred. The aqueous suspension was cooled 
via a water jacket cooler of length ca.100 cm passed through the filter, and the slurry 
was collected at the exit of the back-pressure regulator. The supercritical water feed 
was used at 400 ºC and 24.1 MPa (3500 psi), whilst the other feeds were at room 
temperature initially. HPLC pump rates of 20, 10 and 10 mL min-1 were used for 
superheated water, precursor solution and the cold water feed, respectively. 
2.3.5 Continuous synthesis of doped nano-TiO2 photocatalyst (Chapter 7) 
Titanium (IV) bis(ammonium lactate) dihydroxide (TiBALD, 50 wt% in water) was 
used as a Ti precursor. VSO5·H2O (0.068 g), Fe(NO3)3·9H2O (0.169 g), 
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Mn(NO3)2·4H2O (0.105 g), Ni(NO3)2· 6H2O (0.122 g), ZrO(NO3)2·H2O (0.968 g), 
Cu(NO3)2·5H2O (0.103 g), Zn(NO3)2·6H2O (0.125 g), Ce(NH4)2(NO3)6 (0.228 g), 
Er(NO3)3·6H2O (0.186 g), Y(CH3CO2)3·H2O (0.112 g), Nd(NO3)3·6H2O (0.189 g), 
Pr(NO3)3·6H2O (0.182 g), Bi(NO3)3·6H2O (0.612 g), La(NO3)3·6H2O (0.819 g), 
Ca(NO3)2· 4H2O (0.103 g), AgNO3 (0.071 g), Sr(NO3)2 (0.089 g) and Ba(NO3)2 
(0.092 g) were carefully measured and used as doping metal salts. The molar 
percentage of each metal salt dopant precursor in Ti solution was 1 mol%. Each 
doping metal salt was premixed with 0.4 M TiBALD (20 mL TiBALD solution 
diluted in 100 mL water). 
 
Undoped and doped nano-TiO2 were prepared using a CHFS reactor. Each aqueous 
salt solution was pumped to meet a flow of deionized water at room temperature at a 
T-junction and this mixture (now at 0.2 M) then reacted with a superheated water feed 
in a counter-current reactor, whereupon, rapid precipitation of crystalline anatase 
occurs. The reaction conditions employed were as follows: supercritical water feed at 
400 ºC and 24.1 MPa, a flow rate of 20 mL min-1 was used for supercritical water feed, 
and a flow rate of 10 mL min-1 was used for both metal salt (TiBALD mixed with 
metal doping salts) and cold water feed. The products were centrifuged, cleaned and 
freeze-dried following the same procedure as previously described. 
2.4 Equipment and characterisation techniques 
2.4.1 Deionization 
The Deionization process is used for removal of all dissolved salts from water. It 
requires the water flow through two ion exchange materials in order to remove all 
ions or impurities in water. In this study, all water involved in making solutions, 
reaction, and cleaning products was 10 MΩ deionised water, made using a USF Elga 
water deionizer. 
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2.4.2 Centrifugation 
The centrifugation process is used to isolate suspended particles from their medium 
using a centrifugal force (g-force). During the centrifugation process, heavier particles 
tend to move down to the bottom of the tube, while the lighter substances tend to 
move to the top. Thus, the sedimentation is achieved. In this work, products existing 
from the CHFS reactor was collected as slurries, and a Sigma 4K15 Centrifuge (USA, 
Figure 2.6) were used to achieve the sedimentation. The centrifuge contains a rotor 
housing four buckets with the total capacity of 28 ×50 mL Falcon tubes, and is 
equipped with a built-in refrigeration system.. The operation speed ranges 100 to 5300 
rpm (± 1 rpm accuracy) but was always used at 5000 rpm. The equipment was also 
used during the product cleaning procedure and photocatalytic testing, and detail 
information will be given in the relevant sections in this chapter. 
 
Bucket 
Control panel 
Falcon tubes 
Rotor
 
 
 
 
 
 
 
 
 
 
Figure 2.6 Control panel and inside of centrifuge, showing the falcon tubes, rotor, and 
4×buckets. 
2.4.3 Freeze-Drying 
Freeze-drying is a dehydration process, which works by freezing the material and then 
reducing the pressure and providing heat to allow the frozen water in the material to 
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sublime directly to gas phase. The centrifuged and cleaned slurries of products were 
dried using a Vitris Freeze Dryer (Model 2.0 ES, Biopharma) to obtained powdered 
particles. The solids were all placed centrifuge tubes sealed with pierced parafilms, 
and frozen at -10 oC prior to freeze drying. Samples were freeze-dried for ca. 22.5 h at 
1.33×10-7 MPa, with a prior freezing step at -40 oC. The conditions and drying step 
was shown in Figure 2.7. 
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Figure 2.7 Conditions and drying steps of the freeze-drying programme used in 
drying wet solids throughout the work (Note: the solids were placed in the dryer after 
being first frozen at -10 oC). 
2.4.4 X-ray Powder Diffraction (XRD) 
(a) Siemens D5000 X-ray diffractometry 
X-ray diffraction is a technique to make a diffraction pattern in order to directly reveal 
detailed information about crystallographic structure of samples. This technique is 
based on the elastic scattering of X-rays from structures. Among all XRD techniques, 
powder diffraction is a widely technique used for polycrystalline or powder solid 
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sample. It is a useful technique to identify unknown materials by comparing 
diffraction data against database maintained by the International Commission for 
Diffraction Data–Joint Committee on Powder Diffraction Standards (ICDD-JCPDS), 
quantitatively determine of phases by pattern refinement, and determine crystallite 
shape from study of peak symmetry. Moreover, crystallite sizes can be determined 
from analysis of peak broadening as is explained by the Scherrer Equation (Cullity & 
Stark 2001). 
 
A Siemens D5000 X-ray diffractometer located at School of Engineering and 
Materials Science, Queen Mary University of London (SEMS, QMUL) was used to 
collect data on crystal structures and phase composition of the samples. The 
diffractometer is equipped with a monochromatic Cu-Kα radiation (λ = 0.15418 nm) 
source with generator power settings of 40 mA and 40 kV. Samples were set at 1 o and 
fixed. Scans were obtained in the 2θ = 15 - 80 o, with a step size of 0.02 o and a data 
collection time of 1.0 second. Sample phases were identified by comparing their XRD 
patterns to the Joint Committee on Powder Diffraction Standards (JCPDS) database, 
using the XRD evaluation program Diffracplus EVA™ Version 5.0 (Bruker-AXS, 
Germany). Powder samples were tested in the “as-produced” state after drying or after 
heat-treatment. Scherrer equation is applied for the calculation of crystallite size of 
the products from XRD peak half-widths. Samples characterized in Chapter 3 and 4 
were characterized using this equipment. 
 (b) X’pert Pro PW3064 diffractometry 
X’pert Pro PW3064 diffractometer equipped with a multiple-sample stage is used 
recently, which can automatically measure 15 samples in one batch. This 
diffractometer is also located at Queen Mary University of London. The detector was 
scanned between 5 and 120 oC for all measurements, with a step size of 0.033 o and a 
data collection time of 200 s per step. Crystallite size was calculated from XRD peak 
half-widths using the Scherrer equation. Samples in Chapter 5 – 7 were characterized 
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using this equipment. 
2.4.5 BET surface area analysis 
(a) Micromeritics Gemini II 2370 analyser 
Brunauer-Emmett-Teller (BET) is an important analysis technique for the 
measurement of the specific surface area of a material, based on the BET theory, a 
rule for the physical adsorption of gas molecules on a solid surface (Imamoto & Arai 
2008). In the experiment, samples is heated and degassed by an inert gas flow to 
remove any adsorbed molecules. The sample is placed in a vacuum chamber chilled 
by liquid nitrogen. The amount of gas molecules desorption and adsorption results in 
the pressure variations, where the total surface area of the material can be determined 
(Imamoto & Arai 2008). In this thesis, the specific surface area of powders was 
determined by BET N2 adsorption method using a Micromeritics Gemini II 2370 
surface area analyser, located at QMUL. The 5-point multipoint adsorption method 
was used. All samples (weighted as ca. 0.3 g) were degassed with nitrogen using a 
Flow Prep 060 controller at 120 oC for 12 hours prior to analyses 
(b) Micromeritics ASAP 2420 analyser 
More recently, BET surface area measurements (N2 adsorption) were performed on a 
Micromeritics ASAP 2420 analyser (USA) located at UCL. The new analyser is 
equipped with 12 degassing and 6 analysis stations. The powders were degassed at 120 
ºC in N2 (BOC, U.K.) for 12 hours prior to BET analyses. This analyser is used to 
meaure the surface areas of samples in Chapters 5 and 6 with the assistance of Dr S. 
Kellici. 
2.4.6 Raman spectrometry 
Raman spectroscopy is a technique that can create and investigate the Raman 
scattering (or inelastic scattering) in order to identifying molecules. Raman spectra of 
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the samples were recorded at room temperature with a Renishaw InVia Raman 
microscope equipped with an 1800 line mm-1 grating and a LaserPhysics argon-ion 
laser operating at 514.5 nm, or a 1200 lines mm−1 grating and a diode laser operating 
at 785 nm. The 514.5 nm laser was used in most cases, whereas 785 nm laser was 
only used to characterize samples in Chapter 5. The spectral precision and resolution 
of the instrument was 1 cm−1. Measurements were carried out on powder samples as 
well as isotropic pressed pellets at a low laser power of ca. 1.0 mW. The silicon band 
at ~ 520 cm−1 was checked after each measurement to ensure the stability of the 
instrument. Samples need to ensure that there’s no band shift due to laser heating was 
detected within our precision. Measurements were carried out on powdered samples at 
a low laser power of ca. 1.0 mW to avoid oxidation of sample by laser heating. 
2.4.7 Simultaneous Thermal Analysis (STA) 
A Simultaneous Thermal Analyser (Polymer Lab STA1500) from Rhenometric 
Scientific was selected to investigate phase transition of TiO2 ceramic in Chapter 3. 
Both thermogravimetric analyses (TGA) and differential scanning calorimetry (DSC) 
analysis of STA1500 were carried out at same time, assuring identical conditions. The 
TGA is an analytical technique used to determine a material’s thermal stability by 
monitoring the weight change that occurs when sample is heated. DSC is equipment 
used to record the heat flow into the specimen crucible compared to that of the 
reference crucible, which can be used to monitor the energy released or absorbed via 
chemical reactions during the heating process. The temperature uncertainty of the 
measurement is small as STA1500 has a highly accurate temperature calibration. The 
weight of samples (standard TiO2 nanoparticles, Sample S1) was controlled to small 
amounts, ~10 mg, to minimize the temperature gradient within the sample. The 
samples were loosely deposited on an alumina cylindrical crucible with a diameter of 
5.77 mm. All oxidation experiments in TGA/DSC were performed under atmospheric 
pressure conditions using air. The gas flow rates were set as 20 mL min-1. The 
experiments were started at room temperature and heated to 750 oC, with a heating 
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rate set at 10 oC min-1. The experiments were stopped automatically when the process 
completed.  
2.4.8 X-ray Photoelectron Spectroscopy (XPS) 
The X-ray photoelectron spectroscopy is a technique that quantitative measurement of 
the elemental composition, chemical state and electronic state of the elements that 
exist on the surface of specimen (en.wikipedia.org). XPS spectra are obtained by 
irradiating a material with a beam of X-rays (Mg Kα or Al Kα irradiations) while 
simultaneously measuring the binding-energy (representing the energy difference 
between the photoionized and neutral atoms) associated with each core atomic orbital. 
The presence of peaks at particular energies therefore indicates a specific element in 
the sample, while, the intensity of the peaks represents the quantity of the element 
(Sebilleau 2004).  
 
In this thesis, XPS experiments were performed on a Kratos Axis Ultra-DLD 
photoelectron spectrometer using monochromatic Al-Kα radiation (photon energy 
1486.6 eV). Survey scans were performed at pass energy (PE) of 160 eV, whilst 
detailed scans were performed at PE of 40 eV. Data were analyzed using CasaXPS™ 
software (Version 2.3.13 dev). All data were calibrated to the C (1s) signal, which 
was assigned a value of 284.7 eV. Curve fits were performed using a Shirley 
background and a Gaussian peak shape with 30% lorentzian character. 
 
XPS was applied to examine main spectral regions of various samples; the Ti 2p 
region near 460 eV (448 - 472 eV), the O 1s region near 530 eV (525 - 539 eV), Ce 
3d near 885 eV (878 -906 eV), and the N 1s region near 400 eV (389 - 418 eV). In 
these five selected regions, the chemical states and quantity of each element on the 
surface were examined. 
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2.4.9 UV-Vis spectrophotometry 
UV-Vis spectrophotometry is used in quantitative analysis and characterization of 
solutions containing metal ions or organic compounds. It measures the intensity of 
light passing through a sample, and compared it to the intensity of light before passes 
through the sample, the ratio of which is named as transmittance (%T). The 
absorbance can be calculated from %T: 
A LogT                                                  Equation 2.1 
The light source is often a tungsten filament (wavelength of 300 – 2500 nm) and 
deuterium arc lamp (wavelength 200 – 300). When sample molecules are exposed to 
the light having an energy that matches or exceeds a possible electronic transition in 
the sample molecules, some of the light energy will be absorbed as the electron is 
promoted to a higher energy orbital. An optical spectrometer records the wavelengths 
and intensity at which absorption occurs (Rojas et al. 2009). 
 
UV-Vis absorption spectra of methylene blue (MB) solutions used for photocatalytic 
test were recorded using a Perkin Elmer (Lambda 950) UV-Vis spectrophotometer. 
The absorption spectra of the powder samples were measured using an integrating 
sphere accessory by the diffuse reflectance method. The absorbances were determined 
and the band-gap edge positions were calculated using the Kubelka-Munk model. The 
CIE Lab colour parameters, L* a* b*, were calculated from these data using a 
COLOUR® software (Perkin Elmer, UK). L* is the lightness axis (black = 0 to white 
= 100), a* is the green (-) to red (+) axis, and b* is the blue (-) to yellow (+) axis. The 
UV-Vis data were recorded in the range 320 to 800 nm using Spectralon blank as 
reflecting standard and a D65 standard illuminant with a 10o viewing angle. The 
chromatic coordinates of the samples were recorded. 
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2.4.10 Transmission Electron Microscopy (TEM) 
(a) JEOL 2010 microscope 
Transmission Electron Microscopy (TEM) is a microscopy technique whereby a beam 
of highly energetic electrons is transmitted through a thin sample, interacting with the 
specimen as it passes through, to examine samples on at a very high magnification. 
An image is collected from the analyzing the information from the interaction of the 
electrons waves transmitted through the sample (including elastically scattered 
electrons, inelastically scattered electrons, and unscattered electrons) (Goodhew et al. 
2003). In this thesis, particle size and morphology of selected nanopowders (in 
Chapter 3 and 4) were investigated using a JEOL 2010 transmission electron 
microscope (200 kV accelerating voltage), at Nanovision, QMUL. Samples were 
collected in carbon coated copper grids (Holey Carbon Film, 300 mesh Cu, Agar 
Scientific, UK) after being briefly dispersed ultrasonically (Kerry™ ultrasonic bath, 30 
W) in 15 mL ethanol for 3 min. Morphology and average particle size were 
determined from the bright field images. Selected Area Diffraction Patterns (SADP) 
were taken in order to confirm the nature and composition of the powders. 
(b) JEOL 4000EX high-resolution TEM 
Particle size and morphology of the selected samples (in Chapter 3, 5, and 6) were 
investigated using a HR-TEM model JEOL 4000EX high-resolution transmission 
electron microscope, with a accelerating voltage of 400 kV accelerating voltage. This 
equipment is located at Department of Materials, University of Oxford with the help 
of Dr. L. Karlsson and Prof. D. Cockayne (under the EPSRC access scheme grant 
reference: EP/F01919X/1). Samples were deposited on carbon-coated copper grids 
(Holey Carbon Film, 300 meshes Cu, Agar Scientific, Essex, UK) after being briefly 
dispersed ultrasonically in ethanol for 3 min. In addition, selected area diffraction 
patterns (SADP) were recorded in order to confirm the crystallinity of the powders. 
Analysis of the lattice fringes was performed using Digital Micrograph™ (Gatan) 
image analysis software. 
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2.4.11 Scanning Electron Microscopy (SEM) 
(a) FEI Inspect-F microscopy 
Scanning electron microscopy (SEM) is a type of electron microscope that forms 
image of sample surface by scanning it with a high-energy beam of electron. When 
the electron beam comes from a filament and interacts with the atoms, sample may 
produce signals that contain information about the sample’s surface topography and 
composition (Goodhew et al. 2003; mse.iastate.edu). The signals produced by the 
SEM (via primary back-scattered electrons, secondary electrons, characteristic x-rays, 
and transmitted electrons) were collected by detectors. The characteristic x-rays are 
used to identify the composition and give the quantitative information of the elements. 
The primary back-scattered electrons give atomic number and topographical 
information. The secondary electrons also give information of topography 
(mse.iastate.edu).  
 
In this work, SEM was carried out on samples using a FEI Inspect-F (USA), with the 
accelerating voltage of 20 kV. The Equipment is located at Nanovision, QMUL. Prior 
to examination, the samples were mounted onto a 5.0 cm (in dia.) circular aluminium 
stubs using a double-sided adhesive tape and then coated with a thin layer of gold 
using an Emitech K550 (UK) sputter coater to render them electrically conductivity. 
Particle size analysis was performed using Digital Micrograph™ (Gatan) software. 
(b) JEOL-5410LV microscopy and Energy Dispersive Spectroscopy (EDS) 
Energy Dispersive X-ray (EDX) spectroscopy coupled with scanning electron 
microscopy (SEM) was conducted on a JEOL-5410LV SEM apparatus, equipped with 
an Oxford Instruments Inca 400 EDX unit operating at 25 kV and 15 mm working 
distance. Samples for SEM were mounted on an aluminum stub and evaporatively 
coated with carbon. Averages of 10 area scans (1 × 1 μm areas) were used to calculate 
average elemental compositions. This equipment is located at Eastman Dental, UCL. 
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Metal analysis was performed on selected samples in Chapter 4, 5, and 6. 
2.4.12 Dilatometry 
A dilatometer is a scientific instrument that measures thermal expansion (volume 
change) caused by a physical or chemical process in high temperature range. A 
dilatometer is often used in studying the sintering behaviour, phase conversions, and 
high temperature distortions or tensions of powder materials (Bianchini et al. 2006). 
Therefore, a Netzsch 402C dilatometer was used to measure shrinkage behaviours of 
selected TiO2 powders in Chapter 7. This equipment is located at Department of 
Materials, Imperial College London. About 1 g of each powder was formed into disks 
via uniaxial pressing of 50 MPa in a stainless-steel die (PerkinElmer) before 
measuring. Measurement were carried out under an air flow, and the pressed powder 
pucks were heated from room temperature to 1500 oC using varying sintering rates (5 
and 20 oC min-1) controlled and monitored by an USBc1 TASC416 software. The 
activation energies were calculated using the Arrhenius equation for selected samples 
during the sintering. 
2.4.13 Spark Plasma Sintering (SPS) 
Spark Plasma Sintering (SPS) is a novel sintering process that makes possible 
sintering wide range of powder materials utilizing a high amperage DC pulse along 
with uniaxial pressure (Munir et al. 2006). It is shown schematically in Figure 2.8. 
This process offers many advantages over conventional methods, including precision 
control over sintering conditions (pressure/temperature), rapid heating (high heating 
rate), uniform sintering, high sintering density, and small grain sizes and cleaner grain 
boundaries in sintered products. In order to measure the microwave dielectric quality 
factors of TiO2 ceramics in Chapter 7, a Spark plasma sintering furnace (HPD 25/1) at 
Nanoforce (QMUL) was used to consolidate the powders. Before sintering, samples 
were accurately weighted (ca. 3.0 g), and loaded into a graphite dies (20 mm in dia., 2 
mm thickness). The sample loaded graphite die was then pressed using a PerkinElmer 
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hydraulic press. A pressure of 25 MPa was applied on all samples during the sintering 
time of 3 min (excluding heating and cooling times). A heating rate of 200 oC min-1 
was set for each sintering process. After sintering, the graphite die was slowly cooled 
in the furnace (rate of 50 oC min-1) to avoid fracture due to thermal shocks and 
differential contractions. The sample was extracted from the die, and the surface 
graphite was removed by grinding with sand paper by hand. A subsequently annealing 
process was also applied to oxidize the residual graphite on the surface. 
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Figure 2.8 Schematic diagram of the SPS furnace showing important parts and die 
arrangement. 
 90
Chapter 2                                                    Experimental Methods 
2.5 Photocatalytic test: decolourization of methylene blue irradiation 
by visible-light 
2.5.1 Apparatus used for the photodegradation of MB 
The photodegradation of methylene blue (MB) was carried out in a set of nine parallel 
reactors under a common light source, as shown in Figure 2.9, in a method previously 
reported by Dr. S. Kellici in our group. Recently, an overhead venting fan was 
introduced to evacuate the heat generated by the light source. 
The photocatalytic activity test system can hold up to nine 50 mL glass beakers 
(Duran™) and a overhead fan-cooled 400 W mercury discharge lamp (400HPLR, 
Philips, RS Components; Radiation λmax = 360 – 720 nm). A 23 cm diameter (0.4 cm 
thick) round frosted glass screen (First Mirrors, Bow London) was used to act as a 
light diffuser and ensure even illumination. It was placed directly above the 
photocatalytic reactors (2.0 cm from the lamp and ca. 1.5 cm above the liquid level). 
An irradiation intensity of ca. 2.7 mW cm-2 was measured by a UV meter (UV 
intensity meter model J-221 Ultraviolet Products, Cambridge UK) when placed under 
the light diffuser at a distance of 1.5 cm (the liquid level). The photoreactors were 
placed on a magnetic stirrer (RET-C, IKA-WERKE™) and 1.5 cm long magnetic fleas 
were added to each reactor. The reactors had access to air at all times and a stirrer 
speed level of 250 rpm was used the experiment. Under initial tests, the system was 
validated and shown to give nine light distributions and reproducibility in each 
position of the photoreactor via a photocatalytic test using identical samples and MB 
solutions. The initial tests were undertaken by Dr. S. Kellici (2006). 
2.5.2 Photocatalytic testing 
The powder catalysts were screened for photocatalytic activity by measuring the 
decolourisation of methylene blue (MB) in the presence of an illuminated catalyst. 
38.6 mg of MB hydrate powder was accurately weighed and added to 2000 mL of 
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deionized water, to give a 6.01×10 −5 M standard solution. This MB concentration 
was used for the work in the most chapters (except in Chapter 7, where 42.03 mg of 
MB was added to give a 6.5×10 −5 M standard solution). A calibration curve for MB 
solutions was established by dilution of the MB standard and measurement of the 
corresponding absorbance at 665 nm. A 50 mL aliquot of standard MB solution was 
added into each glass beaker along with 10 mg of the particular powdered sample.  
 
  (a) (b) 
 
400 W lamp  
 
 
 
 
Samples
 
Figure 2.9 The apparatus (a) and schematic diagram (b) used for the photocatalytic 
test of MB photodecolourisation. The schematic diagram was prepared by Kathryn 
Thompson. 
The mixtures were stirred (magnetic stirrer) for 60 min in the dark (in most cases, but 
90 min used in Chapter 7), to allow adsorption–desorption equilibrium of dye on the 
catalyst surface to be established (this was also studied in Chapter 7). After this time, 
a 5.0 mL aliquot was taken from each reactor and centrifuged (5100 rpm for 5 min) to 
allow the catalyst to settle. The clear supernatant from this sample was analysed using 
a UV–Vis spectrophotometer, with the measured intensity of the absorbance band at 
665 nm being used to calculate the concentration of MB in the sample. All solids and 
liquids were then returned to the corresponding reactor. The photocatalytic reactors 
containing the catalyst were irradiated (open to the air) and stirred continuously. At 
regular intervals (normally 60 min or 30 min), the light was switched off and the 
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absorbance of the 665 nm UV–Vis band was measured for each centrifuged sample as 
described above.  
The calculated photodecolourisation rates for each sample (assuming a first-order 
reaction) of the MB for light irradiation are plotted. In each case, the standard 
deviation in the rate constants assuming first-order kinetics was and the % (standard) 
error was calculated for all samples plus MB. 
2.6 Microwave dielectric measurement 
All samples used to MW dielectric measurement must be sintered (through furnace or 
SPS sintering) to form dense pellets in advance. The quality factor (Q) and relative 
permittivity (r) were measured at frequencies of 6 - 8 GHz, using the resonant TE01δ 
mode of the sample (Kajfez & Guillon 1998). This was done as follows: the sample 
was placed in an oxygen-free high-conductivity copper cavity, supported on a 4 mm 
high low-loss quartz spacer. The cavity was 30 mm in diameter, with adjustable height. 
This height was adjusted so that the space above and below the sample was 4 mm, 
approximately the same as the sample thickness. The diameter of the sample was also 
approximately 1/3 of the diameter of the cavity, as recommended by Kajfez and 
Guillon （1889）. The surface resistance of the copper was calculated from the Q value 
of the TE011 resonance of the empty cavity, to allow the results to be corrected for any 
loss due to the cavity walls (Kajfez & Guillon 1998). The TE01δ mode was examined 
using a Vector Network Analyser (Hewlett-Packard HP8720D), with a resolution of 
one Hertz. The Q values are corrected for losses due to the measurement equipment, 
and so can be assumed to be the Q of the dielectric ceramic. Measurements were 
made on the samples, at room temperature. The measured Q and resonant frequency 
will vary with the dimensions of the sample and the cavity used, but the value of Q × 
frequency (Qf) will be approximately constant for samples with similar resonant 
frequencies (e.g. 1 - 10 GHz). 
Chapter 3                                    Synthesis of Nano-TiO2 and Effects of Synthesis Parameters 
Chapter 3 Continuous Hydrothermal Flow Synthesis of High 
Surface Area TiO2 and Effect of Synthesis Parameters 
3.1 Introduction 
Titanium dioxide (TiO2), a wide-band-gap semiconductor, is used in a variety of 
applications including sensor (Hsiang & Wang 2006; Wang et al. 2005; Wu et al. 
2007), pigments (Bernardi et al. 2007; Jalava 2006; Muller-Steinhagen & Lancefield 
2007), fillers (Park et al. 2007; Hashimoto 2007) and biomedical materials (Chu 2007; 
Yang et al. 2007). Recently, TiO2 as a photocatalyst material (Ni et al. 2007) has been 
mostly focused. The sun provides an abundant and natural photon source, which can 
excite the electrons from the valence band to the conduction band, whereby the 
photon energy dissipated, generating single electrons and positively charged holes 
(h+). Afterwards, electrons and holes can either recombine or migrate rapidly to the 
surface. In the aqueous environments, electrons may react with oxygen to form 
superoxide, while holes may react with hydroxyl ions or water to form hydroxyl 
radicals, respectively, which can oxidize organic species (Deng et al. 2002). 
 
High crystallinity of TiO2 materials is one of the most important factors in achieving a 
high photocatalytic activity. Therefore, many special techniques such as molecular 
beam epitaxy (MBE) (Salah et al. 2004), vapour phase transport process and electric 
current heating methods (Conde-Gallardo et al. 2006; Weiss et al. 1998) have been 
used in the preparation of high-quality TiO2 photocatalyst materials. For the TiO2 
photocatalyst, it is important to synthesize fine TiO2 particles with high surface areas. 
The above methods are not generally suitable for fine particle production. 
 
The Clean Materials Technology Group (CMTG) and others have developed a 
continuous and rapid production method for synthesizing fine metal oxide particles by 
hydrothermal synthesis in supercritical water. The method is often known as 
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Continuous Hydrothermal Flow Synthesis (CHFS). CHFS has an advantage for the 
production of highly crystalline fine oxide particles. The final aim of this work is to 
fabricate high-performance photocatalysts as fine TiO2 particles using CHFS. 
 
Continuous hydrothermal flow synthesis (CHFS) of TiO2 nanocrystals from titanium 
bis(ammonium lactate) dihydroxide (TiBALD) aqueous solutions was carried out at 
24.1 MPa for various temperatures with a flow apparatus. Effects of variables such as 
concentrations of metal salts and KOH solutions, heating temperatures, method of 
heating (presence of band heater or not) and flow rates on the morphology and 
photocatalytic activity of TiO2 crystals were examined. Synthesized nanocrystals had 
large surface areas. Photocatalytic activity of selected TiO2 samples made via CHFS 
was tested by decolourisation of methylene blue (MB) under visible-light irradiation. 
3.2 Experimental 
A CHFS apparatus was used to carry out the precipitation process (Figure 3.1). Three 
feeds - DI water (supercritical water feed), Titanium (IV) bis(ammonium lactate) 
dihydroxide (TiBALD) solution, and DI water (or KOH solution in some studies) - 
were pumped through the system. The cation and water (or KOH) were allowed to 
mix (or react) before being contacted with hot compressed water at mixing point. The 
resulting materials were cooled and collected as slurries, followed by being cleaned 
and dried before using. Conditions for these experiments are given in Table 3.1, and 
the experiments are labeled S1 - S17 in the table. The table shows the concentrations 
of solutions, superheated water temperature, pumping rates, identity of products, yield 
(% of conversion), surface areas, and crystallite size. Typically, the total concentration 
of titanium ions was set at 0.05 – 2.0 M. The concentration of base (KOH) in an 
aqueous solution that was pumped under pressure to mix with the metal salts (in 
selected cases) was 0.05 – 2.0 M. Three pumping rates were involved in this study, 
which are low rate (10, 5, and 5 mL min-1), normal rate (20, 10, and 10 mL min-1), and 
high rate (25, 12.5 and 12.5 mL min-1). Three numbers indicate the flow rates of 
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supercritical water feed, Ti solution feed, and cold water (or KOH) feed, respectively. 
During the synthesis, the lower temperature limit of the experiments was 
approximately 300 oC. Reactions were conducted using a superheated water feed 
which was up to 450 oC. Since the solvent property of the water does not change 
significantly with small changes in pressure, the pressure was maintained at 3500 psi 
(24.1 MPa) to suppress the formation of a vapour phase. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Schematic representation of the three-pump (P1, P2 and P3) continuous 
hydrothermal flow synthesis system that was used to prepare nano-titanias. Key: P = 
pump, C = cooler, F = filter, H = heater, B = back-pressure regulator, R = reactor 
(with band heater applied). 
 
Phase identities and purities of dried materials were elucidated using X-ray powder 
diffraction (XRD) and particle sizes were estimated from high resolution transmission 
electron microscopy (HR-TEM) observation or calculated from surface area 
(assuming sphere particles), crystallite size were determined from calculations based 
on the XRD peak half widths by applying the Scherrer equation (McGhee & Renault 
1972). The results are summarised in Table 3.1. 
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Table 3.1 Experimental conditions and results, including surface area (SA), yield, 
crystallite size (CS), and equivalent sphere diameter (SD). 
Conc. of precursors
M 
Flow rate 
mL min-1 
Temperature 
oC Sample 
ID. 
TiBALD KOH TiBALD KOH H2O Heater 
Band 
Heater 
SA 
m2 g-1 
Yield 
% 
CS  
nm 
SD 
nm 
S1 0.4 0 10 10 20 400 - 289 91 4.5 5.3 
S2 0.4 0 10 10 20 300 - - 0 - - 
S3 0.4 0 10 10 20 350 - 347 43 3.4 4.4 
S4 0.4 0 10 10 20 400 400 262 94 - 5.9 
S5 0.4 0 10 10 20 450 - 271 92 - 5.7 
S6 0.4 0 10 10 20 450 450 236 91 6.3 6.5 
S7 0.05 0 10 10 20 400 - 280 90 - 5.5 
S8 0.1 0 10 10 20 400 - 272 92 - 5.7 
S9 0.2 0 10 10 20 400 - 285 94 - 5.4 
S10 1 0 10 10 20 400 - 261 82 - 5.9 
S11 2 0 10 10 20 400 - 254 84 - 6.0 
S12 0.4 0 5 5 10 400 - 277 96 - 5.6 
S13 0.4 0 12.5 12.5 225 400 - 283 85 - 5.5 
S14 0.4 0.05 10 10 20 400 - 294 92 4.5 5.3 
S15 0.4 0.1 10 10 20 400 - 299 95 4.3 5.2 
S16 0.4 1 10 10 20 400 - 323 97 - 4.8 
S17 0.4 2 10 10 20 400 - 318 94 3.9 4.9 
 
3.3 Results and discussion 
3.3.1 Synthesis of TiO2 and effect of temperature 
Here, titanium bis(ammonium lactate) dihydroxide (TiBALD) were used as the 
starting materials for in TiO2 crystallite synthesis. TiBALD is stable at ambient 
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temperature in a neutral solution, and high pH hydrolysis of TiBALD is slower and 
more easily controllable than other precursors (Möckle et al. 1999).  
 
This section explains the effect of different temperatures of the superheated water 
feed on the synthesis of TiO2 in the CHFS system by means of characterisation 
techniques. It was confirmed that diffraction patterns of all the products were pure 
phase anatase of TiO2. Based on previous studies, the reaction taking place in the 
reactor is considered to be as follows; 
 
3 2 4 2 2 4 10 62
( ) ( ) 4 ( ) 2CH CH O CO NH Ti OH H O Ti OH H C NO      4
2
 Equation 3.1 
 
4 2( ) 2Ti OH TiO H O                                     Equation 3.2 
 
As reported by Möckle et al. (1999), the by-product of ammonium lactate (H10C6NO4) 
may effect the particle size of the product. They found that after heating at 250 oC for 
24 h, the crystals formed were reduced by ca. 50% in size by adding ammonium 
lactate in the reaction, indicating crystal growth was hampered by the H10C6NO4 
(Möckle et al. 1999). Due to this reason, TiBALD solution is chosen and used as the 
only Ti metal source for synthesizing TiO2 and other titanates throughout this thesis. 
(a) XRD and yielding 
Nine peaks of diffraction pattern appear at 2θ = 25.35°, 37.75°, 47.85°, 54.15°, 54.4°, 
and 62.7° are shown in Figure 3.2, which correspond to (1 0 1), (0 0 4), (2 0 0), (1 0 
5), (2 1 1), and (2 0 4), respectively, of anatase TiO2. It seems that all the TiO2 
particles possess good crystallinity, since all peaks are reasonably sharp. The reactions 
were carried out at various temperatures ranging 300 - 450 oC. The pressure of the 
system was kept at 3500 psi (24.1 MPa) with the same reaction time (same pumping 
rates) was investigated. A 0.4 M TiBALD solution was used throughout. 
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Figure 3.2 XRD patterns of TiO2 synthesized using CHFS at different conditions 
appeared a single anatase phase (Sample S1, S5, S12, S14, S15 and S17). 
 
There is no reaction at temperatures of 300 oC, even KOH (0.1 M) was added to 
promote hydrolysis. It is likely due to the high solubility of titanium dioxide (or 
titanium hydroxide) in the hot water of 300 oC. At 350 oC, phase pure TiO2 was 
formed, despite the yield for TiO2 at 350 oC was very low, ca. 41%. There’s no 
significant improvement in yield even though 0.1 M KOH was introduced at this 
temperature. However, phase pure TiO2 anatase crystals were precipitated when the 
metal salt solution mixed with supercritical water at 400 oC where no additives were 
added (yield greater than 90%). Even further increasing the temperature or applying 
the band heater, showed no significant improvement in the yield (all higher than 90%). 
The temperature of 400 oC, along with the concentrations, and flow rates used were 
considered as a standard condition for synthesizing TiO2 using CHFS. The sample 
obtained under this condition was labeled as S1. Effect of different temperatures on 
the yield (%) for a fixed flow rate and starting solution concentration is shown in 
Figure 3.3. 
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Figure 3.3 Effect of different temperature on the yield (%) for a fixed flow rate and 
starting solution concentration (standard deviation of ± 2.4%). 
 
All the diffraction peaks of products can be assigned to TiO2 anatase (Figure 3.2). 
TiO2 particle was obtained as a single phase in all cases studied here. Comparing the 
peak patterns (Figure 3.4) of the product at 400 °C (S1) with those of 450/450 °C 
(band heater applied, S6), the peak intensity of TiO2 obtained at 450/450 °C (S6) was 
greater than that of the product obtained at 400 °C. This difference of the intensity of 
peaks appeared is correlated to the increase of particle size at higher temperature, with 
the presence of the band heater around the mixing zone. Scherrer Equation (McGehee 
& Renault 1972) to the peak half width [(101) peaks for anatase] was applied to 
estimate the crystallite size of the selected products: 
0.9
( cos )B
D
B

                                               Equation 3.3 
where D is the characteristic crystal size (nm); λ, the wavelength of incident radiation 
(Cu kα1=0.140562 nm); θ, the characteristic diffraction angle (0.221 radians for 
anatase). The result suggests that the crystallite size appears to increase from 4.52 (S1) 
to 6.33 nm (S6), suggesting more large and crystalline particles obtained at higher 
temperature. 
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Figure 3.3.4 XRD patterns of the particles obtained at (a) 400 °C (S1) and (b) 
450/450 °C (S6) with band heater. 
(b) High-Resolution Transmission Electron Microscopy (HR-TEM) 
High-resolution Transmission Electron Microscopy (HR-TEM) was used to study the 
particle size and morphology of TiO2 powder (sample S1), the bright field TEM 
image of which is shown in Figure 3.5. The agglomerated primary particles were 
observed with a mean particle diameter of 4.9 ± 1.3 nm (from 255 particles were 
sampled), which is in good agreement with particle size calculated from the Scherrer 
equation. Analysis of lattice fringes from a single crystal, revealed a lattice spacing of 
0.355 nm, which corresponds to the (1 0 1) diffraction plane spacing of anatase. The 
reported literature value is 0.352 nm ± 0.9 % (Zhao et al. 2005). 
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Figure 3.5 High-resolution transmission electron microscopy (HR-TEM) image of 
standard TiO2 sample (S1), which was made using a CHFS. Inset the selected area 
diffraction pattern, which shows that no large crystals are present. 
(c) X-ray Photoelectron Spectroscopy (XPS) 
Additionally, the S1 TiO2 sample synthesized using the CHFS system (400 oC) was 
analysed by XPS. Three main spectral regions of sample S1 were investigated; the Ti 
2p region near 460 eV (448-472 eV), the O 1s region near 530 eV (525-539 eV), and 
the C 1s region near 285 eV (282-292 eV). In these selected regions, the chemical 
states and quantity of each element on the surface were examined. From the XPS 
survey spectrum of the sample, it can be seen that the surface is composed of Ti, O 
and a small amount of adventitious carbon, which was incorporated from the starting 
material-[CH3CH(O)CO2NH4]2Ti(OH)2 and by-product 
 
XPS of the nano-TiO2 powder was examined in order to assess the amount of Ti3+ 
versus Ti4+ ions, as it was assumed that the presence of metal-organic precursor 
(TiBALD) in the CHFS may provide a slightly reducing environment. The spectrum 
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Ti 2p 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 XPS spectra for CHFS TiO2 (sample S1) (a) Ti 2p and (b) O 1s spectral 
region 
 
of the nano-TiO2 has a Ti 2p3/2 binding energy of 458.6 eV and a spin-orbit splitting 
of 5.7 eV between the doublets (Figure 3.6), which is in excellent agreement with the 
values reported for anatase TiO2 in the NIST database (www.NIST.org, 2008). This 
indicates that the material was in a fully oxidized state of Ti4+ (O-Ti-O). The same 
sample also exhibited an O 1s peak at 529.8 eV, characteristic of the oxide. An 
additional O 1s peak was observed as a higher binding energy shoulder, with a 
binding energy of 531.0 eV, suggesting the presence of surface hydroxyl groups. The 
ratio of Ti:O(529.8eV) was found to be 1:1.98, thus, the XPS data together with the XRD 
data, strongly suggests that the nano-TiO2 material synthesized using the CHFS 
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O 1s 
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system is stoichiometric anatase. 
(d) BET surface area analysis 
BET surface area (N2 adsorption) measurements for sample S1 - S6 were measured.  
The standard S1 sample has the high surface area of 290 m2g-1. Surface areas for 
sample S3 - S6 were measured at 347 m2 g-1 (350 oC), 263 m2 g-1 (400 oC /400 oC), 
272 m2 g-1 (450 oC), and 236 m2 g-1 (450 oC/450 oC), respectively. The sample 
synthesized at 350 oC (S3) possessed the highest surface area, possibly due to the least 
crystallinity and less agglomeration. The surface area of S4 sample was lower than the 
standard sample (S1) obtained at the same pre-heated water temperature (but without 
a band heater applied). This value is even lower than the S5 sample (450 oC, without 
band heater). It can be concluded that the band heater can significantly increase the 
reaction temperature around the mixing zone. The equivalent sphere diameter was 
calculated from the BET surface area assuming that all particles are spherical. The 
average equivalent sphere diameter, SD, is given by: 
6000( )
( )
SD nm
SA                                              Equation 3.4 
where SA indicates surface area, ρ indicates the density of TiO2 anatase (ρ`= 3.88 
gcm-3). The equivalent sphere diameter of standard TiO2 (sample S1) is calculated as 
5.2 nm. This number is relatively in good agreement with HR-TEM images shown in 
Figure 3.5. The SD of all other powders was listed in Table 3.1. 
 
Under much milder conditions, TiO2 (BET surface area ca. 255 m2 g−1 /5 nm 
crystallites by XRD) was previously synthesized by Millot et al. (2005) using an 
undiluted TiBALD solution (calculated to be 2.07 M) at 300 °C and 30 MPa in a 
different type of continuous reactor. This initial report did not provide sufficient data 
to allow comparisons to our work as the pump flow rates were not given in the paper 
(Millot et al. 2005). In a related report, batch hydrothermal treatment of TiBALD in 
the range 100 - 300 °C, yielded particles in the size range 2 - 20 nm (Möckel et al. 
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1999). Note: that in our work, material of larger crystallite size and higher surface 
area was obtained. 
 (e) Raman spectroscopy 
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Figure 3.7 Raman spectra of CHFS synthesized standard TiO2 (sample S1), showing 
anatase Raman bands. 
 
Raman spectroscopy was used to investigate the local structure of standard TiO2 
(sample S1) prepared using CHFS. Anatase (space group D4h19) has six Raman bands: 
3Eg (144, 197 and 639 cm-1), 2B1g (399 and 519 cm-1) and A1g (513 cm-1) (Ohsaka et 
al. 1978). Rutile (space group D4h14) has four Raman bands: A1g (612 cm-1), B1g (143 
cm-1), B2g (826 cm-1) and Eg (447 cm−1) (Mazza et al. 2007). In addition to these 
bands, second-order scattering features could be detected in the Raman spectra 
(Ohsaka et al. 1978). Figure 3.7 shows the Raman spectra of TiO2 (sample S1). Five 
Raman bands were observed for the CHFS sample, which was confirmed as being the 
anatase phase of TiO2. 
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All bands of the nano-TiO2 (sample S1) synthesized using CHFS, except for that (Eg) 
at 150 cm-1, occur at a similar wavenumber to those of bulk anatase. The Eg at 150 
cm-1 wavenumber was shown to depend on the crystallite size of the particle, with 
smaller particles having a higher wavenumber, due to the photon confinement. The Eg 
band is commonly observed in the range 144 - 147 cm-1 on the bulk powders. This 
suggests the small crystallite size of the TiO2 produced using CHFS. The detail of this 
photon confinement behaviour of TiO2 anatase will be further studied in Chapter 4. 
(f) Simultaneous Thermal Analysis (STA) 
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Figure 3.8 TG curve of hydrothermal as-prepared TiO2 (sample S1), which was 
heated from room temperature to 750 oC in air flow (20 mL min-1), at the heating rate 
of 10 oC min-1. 
 
Figure 3.8 shows the thermogravimetry (TG) curves of as-prepared TiO2 dried in air 
(20 mL min-1) at the heating rate of 10 oC min-1. The TG curve can be divided into 
three stages of weight loss. One was below 120 oC, over which the mass loss of 5% 
can be observed, which mainly resulted from the removal of weakly associated water. 
The next stage took place in between 120 and 280 oC, where the mass loss is around 
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9%, which could be ascribed to removal of strongly bound water. The final stage was 
observed in the range 280 and 680 oC, where the mass loss is ca. 2 % and thereafter 
the mass remains constant, which was likely due to the desorption of the hydroxyl 
group on the TiO2 particle. From the TGA plot, it can be observed that a weight loss 
occurs at ca. 730 oC. This can be linked to the phase transition of TiO2 from anatase to 
rutile, which was also confirmed by the heat-treatment study and will be reported in 
the next chapter (Chapter 4). It also provides important information for the future 
sintering study. 
3.3.2 Effect of concentration of precursor and base solution on TiO2 particle 
properties 
The effect of the initial concentration of metal salts on the particle size at 400 °C 
(water inlet temperature) was investigated (S7 - S11). The reaction pressure was 
24.1 MPa, and the pump rates of 20, 10, and 10 mL min-1, for superheated water, 
TiBALD solution feed, and cold water, respectively. Comparing with the surface area 
of products obtained from various concentrations of precursor without adding KOH, 
particles obtained from 1 and 2 M concentration of precursors (S10 and S11) present 
the lowest surface area and yield. This result is in contrast with the previous study 
undertaken by Arai’s group on synthesis of ZnO (Sue et al. 2004). In this case, a high 
concentration of precursor results the high surface area (low particle size) is possibly 
because, in the high concentration of precursor TiBALD the pH is consequently high 
(pH for undiluted TiBALD precursor solution is 10), which induces the comparatively 
lower solubility of the salt. Since the solubility is low, the nucleation rate is faster due 
to the higher supersaturation and thus many nuclei will be formed. Therefore, small 
particle size was obtained. Alternatively, at the low starting solution concentration 
(lower pH), the solubility is high across a range of temperatures. When the reactant 
reaches sufficient temperature, the residual metal ions would be consumed by both a 
particle growth of the present particles and a new particle size distribution. Therefore, 
the size of the final products also might become larger. 
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By adding KOH solution at various concentrations (from 0.05 to 2 M), the surface 
area of the products (from S14 to S17) increased. This can also be explained by KOH 
promoting the nucleation rate, thus, more nuclei are formed, hence, a smaller particle 
size (or high surface area) results. However, adding more KOH can significantly 
prevent the agglomeration of small particles from forming bigger ones. Moreover, 
with the addition of KOH, the yields of the product become higher. In addition, the 
centrifuging time was significantly shortened from 60 min to 15 min when the KOH 
solution is used. The freeze-dried samples obtained (S16 and S17) are all in anatase 
phase, but appear yellowish white colour which is different from the colour of other 
samples synthesized without adding base (white or off-white colour). 
3.3.3 Effect of residence time on particle properties 
Two additional reactions were carried out using CHFS system. One way in which 
residence time in the reactor can be prolonged is by changing the pump rates of 
superheated water, metal salts, and cold water (from 25, 12.5, 12.5 to 10, 5, 5 mL 
min-1). All other parameters such as concentration of precursors, temperature and 
pressure were kept as constant. It was observed from the Table 3.1 that increases the 
low rates shows no significant effect on yield (%). The surface area didn’t decrease 
significantly with residence time. This can be explained by the fact that particle 
growth is sufficient through diffusion and aggregation in the slow flow rate, however, 
an increase in flow rates can increase the temperature at the mixing point that may 
facilitate the precipitation of particles at the same time. 
3.4 Photocatalytic activity 
3.4.1 Reactor step-up and consistency test 
The photocatalytic activity test system is described in detail in previous chapter 
(Section 2.5.1) and consisted of nine 50 mL glass beakers as reactors and a fan-cooled 
400 W high-pressure Hg lamp. A glass diffuser was placed above the photocatalytic 
 108
Chapter 3                                    Synthesis of Nano-TiO2 and Effects of Synthesis Parameters 
reactors, at 20 mm distance from the lamp. The UV illumination under the centre of 
the frosted glass diffuser at the level of the MB solution was measured as 2.7 mW 
cm-2 for the Hg discharge lamp and the visible illumination in the same location was 
found to be 82 klx for the 400 W mercury discharge lamp. The photoreactors were 
placed on a magnetic stirrer and stirred in air ensure homogeneous mixing and during 
irradiation. 
 
A test was carried out in order to study the reproducibility of the reactor. In the test, a 
6.0×10-5 M standard solution of MB was prepared from the stock solution for testing, 
of which a 50 mL aliquot was added to each of the nine glass reactors along with 
0.010 g of the identical TiO2 photocatalysts (sample S1). The mixtures were 
magnetically stirred in air for 60 min in the dark to allow adsorption-desorption 
equilibrium of the dye on the catalyst surface to be established. Another separate 
study indicated that such equilibrium can be achieved completely after ca. 90 min 
stirring in the dark, and this will be reported in Chapter 7. The photocatalytic reactors 
containing the catalysts were irradiated with the light source and stirred continuously 
in air. At regular 1 h intervals of the irradiation, the UV-Vis absorbance of the aliquots 
was measured. The total illumination period for each experiment was 5 hours. The 
calculated photodecolourisation rates for each sample (assuming a first-order reaction) 
of the MB for light irradiation are plotted in Figure 3.4.1.  
 
The reaction rates were calculated using the first order equation (Mills & Wang 1999),  
ln '
o
C k t
C
                                                 Equation 3.5 
where C is the dye concentration, Co is the initial concentration, t is the time and k’ is 
the pseudo first order rate constant. The rate constant was calculated graphically by 
plotting -ln(C/Co) against t, to find the rate constant k’ as the gradient. The correlation 
coefficient (R2) was greater than 0.98 for all the rate constant calculations. It has been 
also reported that use of MB can lead to ambiguous conclusions in the absence of 
oxygen (Mills & Wang 1999), because MB may likely be reduced to leuco-MB which 
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is colourless (typically λmax = 256 nm) in the absence of air. Thus, all the 
photocatalytic reactions were undertaken with access to air, as the photobleaching of 
MB is irreversible in an oxygen-saturated aqueous solution (Mills & Wang 1999). 
 
The consistency of the test apparatus was calculated by running nine reactors in 
parallel. The results were shown in Figure 3.9. The calculated photodecolourisation 
rate for each sample ranges 1.43 to 1.48×10-4 s-1. The average rates of the first and 
second testing sets are 1.4602 ×10-4 and 1.4618 ×10-4 s-1, respectively. The standard 
deviations among two sets of samples are 1.1 ×10-6 s-1 (1.9 %) and 9.76 ×10-7 s-1 (1.6 
%). The standard deviation between the average reaction rates obtained from two 
respective testing is 1.12 ×10-6 s-1 (1.7 %), showing the consistency and 
reproducibility of the reactor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9 Photodecolourisation rates for nine identical samples placed at different 
positions (1 - 9) under the visible-light obtained from two testing sets (Set A “  ” and 
Set B “  ”). 
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3.4.2 Photocatalytic test results 
Photocatalytic activity of the selected TiO2 samples and a standard photocatalyst 
Degussa P25 was assessed on the basis of the decomposition rate of methylene blue 
(MB) dye under light irradiation for up to 4 h. In order to determine whether the 
model dye was resistant to degradation under direct light irradiation, an additional 4 h 
experiment was performed in the absence of any photocatalyst (as a control). It was 
found that ca. 25 % of MB was lost due to self-photosensitization. Furthermore, it has 
been also reported that use of methylene blue can lead to erroneous conclusions if 
oxygen is excluded. Despite this, MB is useful to allow direct comparisons between 
the different photocatalysts reported herein. All the photocatalytic reactions were 
undertaken in air, as the photobleaching of MB is irreversible in an oxygen-saturated 
aqueous solution such as ours was (Mills & Wang 1999). 
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Figure 3.10 Photocatalytic degradation of the MB dye for CHFS TiO2 powders and 
commercial P25 powders as a function of irradiation time under the light source, after 
60 min stirring in the dark. Results were plotted base on the first set of experiment 
(Set A). 
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The photocatalytic activity of the TiO2 nanoparticles made by CHFS was evaluated by 
the degradation of MB aqueous solution under the light irradiation. For comparison, 
the photocatalytic activities of samples S1, S6, S14, S17 and commercial 
photocatalyst Degussa P25 are also measured under identical conditions. Figure 3.10 
a shows the photocatalytic degradation of methylene blue with the different TiO2 
samples under light irradiation for 4 hours radiation (Set A). The same experiment 
was repeated twice (quoted as set A and B). After 60 min pre-stirring in the dark, 
surface dye adsorption reached equilibrium, and around 11-20% of MB dyes had been 
absorbed on to the surface of TiO2 particles. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11 Photodecolourisation rates for selected TiO2 CHFS samples and 
commercial P25 powder under the visible-light obtained from two testing sets (Set A 
“  ” and Set B “  ”). 
 
The photocatalytic decolourisation rates obtained from two testing sets were 
calculated and shown in Figure 3.11. The results suggest good consistency and 
reproducibility of the testing method (% standard deviation ranges 1.86% - 2.75%). 
All TiO2 powders showed reasonably good photocatalytic activity towards 
decolourisation of methylene blue under the visible-light irradiation. Nano-TiO2 
S1 S6 S14 S17 P25 
2.25
1.46 1.57
3.38
4.114.04
3.54
1.56
1.46
2.13
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
Ph
ot
od
ec
ol
ou
ri
sa
tio
n 
ra
te
/ ×
10
-4
 s-
1
 112
Chapter 3                                    Synthesis of Nano-TiO2 and Effects of Synthesis Parameters 
samples S1 and S6 displayed quite similar photocatalytic activity in this experiment, 
despite that S6 possesses lower surface area than S1. This is probably due to the more 
crystalline product obtained at higher synthesis temperature (helped by introducing of 
an extra band heater). Powders with large surface area are usually less crystalline and 
associated with large amounts of crystalline defects, which can favour the 
recombination of electrons and holes (leading to a poor photoactivity). Therefore, 
surface area and crystallinity are both the important factors to affect photocatalytic 
activity. 
Particularly good photocatalytic activity was observed for the S17 sample 
(synthesized by adding 2 M KOH through another pump), though it has similar 
surface area as others. This can be explained by the presence of large amount of 
surface hydroxyl groups, resulting from the reagents. In the photodegradation process, 
surface hydroxyl groups may directly participate into the reaction mechanism by 
trapping of photogenerated holes that reach the catalyst surface producing very 
reactive surface HO• hydroxyls directly. Sample S17 has a comparable photocatalytic 
activity as the most well-known commercial catalyst Degussa P25 (3.5×10-4 s-1 vs. 
4.1×10-4 s-1), which shows a good potential for the use as a photocatalytic material. 
Similar results were obtained by Du et al. (2008), who treated nano-TiO2 powders in 
0.5 M NaOH solution and found that degradation of methylene blue over the TiO2 
follows first order kinetics. The photocatalytic degradation rate was mainly dependent 
on the quantity of a specific anatase-OH group. 
3.5 Conclusions 
The current work demonstrates that pure nano-TiO2 (anatase) of high surface area can 
be made using a novel process involving CHFS. The effects of concentrations of 
metal salts and KOH solutions, heating temperatures, method of heating (presence of 
band heater or not) and flow rate on the morphology and photocatalytic activity of 
TiO2 crystals have been examined. The continuous hydrothermal flow synthesis 
(CHFS) method has a large potential for varying particle morphology through control 
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of nucleation and crystal growth in the heat-up and reaction cycles. Photocatalytic 
activity of these hydrothermally synthesized TiO2 samples were examined by 
decolourisation of MB under the visible-light irradiation. Optimization of the 
synthesis conditions may provide the TiO2 particles with a very high photoactivity. It 
is believed that the TiO2 particles prepared by CHFS method could be used as a 
potential photocatalyst material. 
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Chapter 4 Synthesis of TiO2 Photocatalysts via Post-treatment of 
Pure Nano-TiO2 
4.1 Introduction 
As TiO2 is illuminated with light of wavelengths shorter than ca. 380 nm, absorption of a 
photon with sufficient energy leads to charge separation due to electron promotion to the 
conduction band and generation of holes in the valence band. These holes react with 
water molecules or hydroxide ions to produce hydroxyl radicals, which can oxidize 
organic species. The photocatalytic process has many applications, for example to water 
purification (Chen & Dionysiou 2005; Kanki et al. 2005), self-cleaning of windows 
(Mills et al. 2002; O'Neill et al. 2003a; O'Neill et al. 2003b), air purification (Ao & Lee 
2005; Li et al. 2005a; Li et al. 2005b), pollutant or organic molecule destruction (Mills et 
al. 2008; Mills & Davies 1993), and production of antibacterial coatings (Choi et al. 2007; 
Hajkova et al. 2007). Since ca. 97 % of the solar spectrum has wavelengths > 380 nm 
(Curdt et al. 2001), much of it cannot readily be used by pure titania directly. Therefore, 
various modification methods are often involved to improve the photocatalytic activity 
(Wu et al. 2005), one of which is post-treatment of an existing TiO2. 
 
As reported in Chapter 3, synthetic high surface area nano-TiO2 using CHFS was tested 
as a useful photoactive material. It was hypothesized that to further modification of this 
material could enhance the photocatalytic reaction. There are several important issues to 
be considered: optimize the size, crystallinity and phase content of the catalyst; decrease 
the band-gap or introduce intra-band-gap states by means of doping; improve its charge 
separation (or trapping) efficiency. To accomplish this objective, the following directions 
were attempted: heat-treatment in air, heat-treatment in NH3 (nitrogen-doping), and 
surface modification (surface doping). A nano-TiO2 powder (used in heat-treatment and 
nitrogen-doping work) or slurry (surface-modification work) prepared by CHFS at 400 
oC / 24.1 MPa (standard sample S1), was used as a starting material throughout.  
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4.1.1 Heat-treatment of nano-TiO2 
The phase of TiO2 (usually anatase or rutile) and surface area can have a strong influence 
on the photocatalytic properties (Ohno et al. 2002). Nano-TiO2 powders possess 
relatively high surface area to mass ratios and therefore have the potential to offer very 
high catalytic activities. Small variations in the particle diameters involve great 
modifications in the surface/bulk ratio thus modifying the significance of volume and 
surface electron-hole (e-/h+) recombination. Therefore, control of the particle size in 
nanocrystalline titania catalysts becomes crucial. However, the small sizes may not be 
adequate for photocatalytic purposes as detrimental quantum effects may appear to 
predominate and counteract the advantages of high titania surface area. 
 
Furthermore, the highly crystalline anatase of ultra-fine particle size is often considered 
desirable for catalytic applications. However, most low temperature syntheses produce 
predominantly amorphous or poorly crystalline anatase (Kanki et al. 2005; Yuan et al. 
2007). The synthesis route and its heat-treatment conditions are influential in determining 
the properties of nano-TiO2, such as particle size distribution (Pighini et al. 2007), surface 
chemistry, and phase content. Commercial mixed-phase TiO2 Degussa P25 (ca. 30 wt.% 
of rutile and 70 wt.% of anatase, surface area ca. 50m2 g-1) is known to be a stable and 
active photocatalyst (Muggli & Ding 2001). P25 consists of nanoclusters containing a 
small amount of rutile interwoven with anatase crystals; charges produced on rutile by 
absorption of visible-light are stabilized through electron transfer to trapping sites of 
lower energy in the anatase lattice, resulting in enhanced charge separation (Muggli & 
Ding 2001).  
 
In the heat-treatment work, nano-TiO2 powder (sample S1) was prepared using a 
continuous hydrothermal flow synthesis (CHFS) reactor, which used a superheated water 
feed at 400 ◦C and 24.1MPa, as a crystallizing medium. Nano-TiO2 particles in the size 
range of 3.5 – 7.3 nm (average of 4.9 nm). “As-prepared” nano-TiO2 powders were then 
heat-treated in air at up to 1100 ◦C, and the photocatalytic activities of the products were 
assessed by the decolourisation of a model pollutant, methylene blue (MB) dye. The 
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Raman band at ∼150 cm-1 was correlated to changes in crystallite size in the 
“as-prepared” (nano-TiO2) and heat-treated anatases. 
4.1.2 Nitridation of nano-TiO2 
Recently, photocatalysts based upon titanium dioxide activated by visible-light have been 
obtained by doping nitrogen (Asahi et al. 2001; Li et al. 2005), sulfur (Matsumoto et al. 
1985), or fluorine (Umebayashi et al. 2003) into the host lattice. These anionic dopant 
species were found to be more effective than transition-metal dopants, with respect to 
stability of the catalyst (Choi et al. 1994). The red shift of the band-gap into the 
visible-range makes it possible to carry out a wide range of photocatalytic investigations 
under visible-light (wavelength range 380 - 750 nm). Asahi et al. (2001) firstly reported 
that band-gap narrowing by N-doping in TiO2 yields material with high photocatalytic 
activities on irradiation with visible-light. They prepared N-doped TiO2 films by reactive 
magnetron sputtering in a N2 (40 vol.%)/Ar gas mixture followed by annealing in N2. 
They also synthesized N-doped powders by treating anatase TiO2 in ammonia (67 vol.%)/ 
argon atmosphere at 600 oC for 3 h, respectively. The products contained total N-content 
of ca. 1 at.%. The same group suggested that active sites for photocatalysis in 
visible-light were due to the substitutional nitrogen in the oxide lattice. Since this work, 
the range of doping concentrations reported recently for active photocatalysts has been 
very narrow, generally lower than 1 at.% (Asahi et al. 2001; Ramanathan & Oyama 
1995). 
 
Nitrogen-doped TiO2 has been reported in the literature as having been made by a range 
of methods such as plasma nitridation of pure Ti-rod with cathodic arc deposition (Huang 
et al. 2007a; Ramanathan & Oyama 1995), annealing TiO2 or Ti-compounds at elevated 
temperatures under ammonia gas flow (Asahi et al. 2001; Ramanathan & Oyama 1995), 
sol-gel processes using N-containing precursors (Ihara et al. 2003), annealing TiN in air 
(Morikawa et al. 2001), pulsed laser deposition (PLD) using a TiN target in an 
oxygen/nitrogen gas mixture (Suda et al. 2004), chemical vapour deposition (CVD) using 
titanium metal-organic precursors in a NH3 gas (Pradhan et al. 2003) and 
ion-beam-assisted deposition (IBAD) of TiO2 vapour in the presence of nitrogen ions 
 117
Chapter 4                                                 Post-treatment of Pure Nano-TiO2 photocatalyst 
(Matsumoto et al. 1985). The particle sizes of the products were reported to range from 
ca. 20 to 200 nm. 
 
Phase-pure titanium nitride (TiN) and TiO2 with higher than a few atomic percent 
N-loadings are also of interest in other applications such as the preparation of conductive 
materials, anti-wear and anti-corrosion coatings (Kelly et al. 2007; Macak et al. 2007; 
Wakabayashi et al. 2001). In general, phase-pure TiN tends to be made under more 
severe conditions than low level N-doped titania, e.g. reactions require higher 
temperatures, involve high-energy processes or are carried out in vacuum (to eliminate 
reoxidation). The common methods of synthesizing pure titanium nitride (rather than low 
level N-doped titania) include physical vapour deposition (PVD) (Fortuna et al. 2000; 
Perry et al. 2000), reactive sputtering, cathodic arc deposition (Arias et al. 2006), electron 
beam heating (Chang et al. 2007), plasma-gas reaction (Groza et al. 2000), and CVD 
(Huang et al. 2007b). Methods such as PVD and CVD are less effective in synthesizing 
nano-sized products (products always in the μm size range) (Huang et al. 2007b). TiN 
powders prepared by plasma-gas phase reaction have a smaller particle size (ca. 10 nm) 
but they also have a high oxygen content (ca. 15 – 20 at.%) (Groza et al. 2000).  
 
In this nitridation work, a simple method for the synthesis of N-doped titania and TiN 
powders from nano-TiO2 was reported by just varying the nitridation temperatures. The 
starting material, crystalline nano-TiO2, was made as slurry in a continuous hydrothermal 
flow synthesis (CHFS) reactor (Zhang et al. 2009a & b). The nitride materials were 
prepared via heat-treatment of nano-TiO2 in a tube furnace under a flowing 
ammonia/argon gas atmosphere at temperatures in the range 100 - 1100 oC. Using this 
simple nitridation method, products containing different N-loadings were obtained within 
5 h. The photocatalytic activity of N-doped titanias towards decolourisation of a model 
dye was evaluated under irradiation by visible-light. 
4.1.3 Surfaces doping of nano-TiO2 
Many attempts have been made recently to enhance the visible-light absorption of TiO2 
by introducing either anion or cation dopants. Most of these dopants (especially metal 
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ions) were usually added deeply into the lattice and introduce additional energy levels in 
the band-gap. Unfortunately, the localized nature of these electronic states presents one 
major problem: the energy levels of these states are often located deep within the 
band-gap, which makes them efficient recombination centers (Choi et al. 1994). 
 
Nowadays, much interest has been shown in surface modification of TiO2 with metal ion 
salts for destruction of organic pollutants under visible-light irradiation. The purpose of 
surface modification of TiO2 is to prevent the recombination of photogenerated electrons 
and holes by increasing the charge separation, in order to enhance the efficiency of the 
photocatalytic process. In the case of surface doping catalysts, the metal ions are 
absorbed in the TiO2 surface by physical/chemical adsorption. No steady chemical bond 
is formed between TiO2 and metal ions. So the metal ions tend to partially desorb, which 
can decrease photocatalytic activity during the photocatalytic reaction process. In the 
previous studies, wet impregnation and co-precipitation were the two major methods to 
achieve the surface doping of TiO2, and both methods involved in a process of 
calcinations at high temperature, resulting in less photocatalytic activity. 
 
Herein, we try a simple surface modification to TiO2 nanocrystals through a traditional 
chemical reaction (or absorption) between the surface hydroxyls on TiO2 nanoparticles 
and vanadium oxysulphate salt (VSO5) in solution. The reason to choose this salt for the 
experiment is because of the preliminary surface doping results obtained by J. Goodall, 
who initially surface-doped same TiO2 precursor in various metal salts solution using a 
similar salt-slurry mixing method and examined the unique behaviour of the vanadium 
doping. The TiO2 powder used in this study is the standard sample (S1) obtained freshly 
from CHFS system in the form of slurry. Though the chemical bond formed in 
V-modified TiO2 by the wet-mixing has been not confirmed yet, the product indeed 
exhibited extremely superior activity towards the MB dye oxidation, and worthies 
reporting herein. 
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4.2 Experimental 
4.2.1 Preparation of nano-TiO2 and heat-treated catalysts 
“As-prepared” nano-TiO2 was made in the CHFS reactor with the “as-received” TiBALD 
solution being diluted to a concentration of 0.4 M. The final concentration of metal salt 
before contacting with supercritical water was 0.2 M (due to in-line dilution with water 
from pump 3). All reactions were carried out using a superheated water feed at 400 °C 
and 24.1 MPa (Note: this is above the critical temperature and pressure of water which 
are Tc = 374 °C and Pc = 22.1 MPa) (Darr & Poliakoff 1999). Slurries from the exit of the 
back-pressure regulator were transferred into 50 mL centrifuge tubes and centrifuged 
(5100 rpm for 60 min), and then around 45 mL of liquid was removed and replaced with 
45 mL of clean deionized water in each centrifuge tube, followed by shaking to disperse 
the solids. Each tube was further centrifuged (5100 rpm for 60 min) and this cleaning 
procedure was repeated twice with a final removal of 45 mL of liquids. The wet solids 
were freeze-dried overnight (ca. 22.5 h). For the heat-treatments, freeze-dried 
“as-prepared” nano-TiO2 (ca. 0.5 g) was placed on a thick platinum substrate (to ensure 
no chemical reaction between sample powder and substrate during the heating) before 
being transferred into a furnace. Each sample was heat-treated in air for 1 h at the 
corresponding target temperatures (range 100 - 1100 °C, in 100 °C intervals), excluding 
time for heating and cooling (at a rate of 10 and 20 °C min-1, respectively). An additional 
sample was heat-treated at 800 °C with 3 h rather holding time at the target temperature 
(results shown later in figures are for 1 h heat-treated sample). 
4.2.2 Nitridation: synthesis of N-doped TiO2 and TiN powders 
Freeze-dried nano-TiO2 powder (ca. 0.5 g) was synthesized by CHFS, and was placed on 
a platinum plate before being transferred into the tube furnace (Model LTF17/75/600, 
UK). The set-up of the gas feeding tube furnace was described and the schematic was 
shown in Figure 2.3.3 in Chapter 2. Initially, a flow of ammonia/argon (60/40 vol.%), at a 
rate of 50 mL min-1 was maintained for 60 min through the tube to remove air and water. 
After a brief period for stabilization of the gas flow to 200 mL min-1, the furnace was 
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heated from room temperature to a set point at the rate of 10 °C min-1 (the set-points 
ranged from 400 to 1100 °C over all the experiments). The data herein are largely for the 
samples heated at up to 1000 °C with selected information on the 1100 °C sample also 
being given. The set-point temperature was maintained for up to 5 h, whereupon the 
furnace was allowed to cool at 20 °C min−1 under the same gas flow. The photocatalysts 
obtained were ground with an agate mortar before use. 
4.2.3 Surface modification of TiO2 with vanadium ions 
Starting material used in this study is in form of slurry, the synthesis of which was 
reported in Section 4.2.1 (same synthesis condition as Sample S1, but not freeze dried). 
100 mL TiO2 slurry were directly collected from the system using two identical 50 mL 
Falcon centrifuge tubes. Slurry was centrifuged and cleaned. The centrifuge tubes 
containing cleaned wet solids were again re-filled with deionized water, and re-disperse 
the solids. The washed slurries were transformed into two 50 mL glass beakers, where 
0.43 g and 1.075 g of vanadium oxysulphite (VSO5) salts were added into respective beak 
in order to make 10 and 25 mol% V-salt solutions (slurry). A magnetic flea was added 
into each beaker, and then sealed by parafilm before being continuously stirred on a 
magnetic stirrer at room temperature (200 rpm/ 24 h). The colour of the slurries change 
gradually from bluish grey to dark green during the experiment, indicating a possible 
chemical reaction occurs between the salt and TiO2. The obtained slurries were 
centrifuged and washed six times in order to eliminate all remaining unreacted salts. The 
green colour wet solids were freeze dried overnight before using. The samples were 
denoted as V-surf (10 %) and V-surf (25 %), respectively. 
4.3 Results and discussion 
4.3.1 Heat-treatment of nano-TiO2 
(a) Synthesis and characterization 
The “as-prepared” nano-TiO2 powder made in the CHFS system was obtained in ca. 90% 
yield after freeze-drying as off white, free flowing powders. High Resolution- 
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Transmission Electron Microscopy (HR-TEM) was used to study the particle size and 
morphology of “as-prepared” nano-TiO2 powder (image was reported in Chapter 3); 
agglomerated primary particles were observed with a mean particle diameter of 
4.9 ± 1.3 nm (from 255 particles sampled). Analysis of lattice fringes from a single 
crystal, revealed a lattice spacing of 0.355 nm, which corresponds to the (1 0 1) 
diffraction plane spacing of anatase (the reported literature value is 0.352 nm ± 0.9%) 
(Boulesterx et al. 1986; Zhao et al. 2005). The “as-prepared” nano-TiO2 synthesized 
using our method is effectively stoichometric anatase according to a preliminary XPS 
analysis which reported in previous chapter (also see Chapter 3). Additionally, the XPS 
data suggested that a very small amount of carbon-containing impurity was present in the 
“as-prepared” nano-TiO2 powder. This is not unexpected when one considers a previous 
report (albeit under very different conditions from those used herein) which revealed that 
TiBALD can decompose to produce titania nanoparticles with surface-bound ammonium 
lactate (Möckel et al. 1999). 
 
For the heat-treatments in air, samples were held at their respective target temperatures 
for 1 h. Identification of crystalline phases for the heat-treated powders was achieved by 
comparison of their XRD patterns (Figure 4.1) with those in the Joint Committee on 
Powder Diffraction Standards (JCPDS) database. Based on the XRD data, the distribution 
of anatase and rutile was calculated using the following empirical equation (Kim et al. 
2005): 
(0.88 )
R R
R
o A
I IW
RI I I
                                            Equation 4.1 
where WR is the rutile weight percentage, IA and IR are the integrated diffraction peak 
intensities of anatase (1 0 1) and rutile (1 1 0), respectively. Io is the total integrated 
intensity of the anatase (1 0 1) and rutile (1 1 0) peaks. Figure 4.2 shows the variation of 
WR as a function of heat-treatment temperature. The anatase phase percentage decreased 
with increase in the heat-treatment temperature, WR reaching 100% for samples heated to 
900 °C. The sample prepared at 800 °C was heat-treated for both 1 h as well as 3 h 
holding time (unless specified, all the data herein is only for 1 h holding times). In both 
cases, the WR value was identical, suggesting that mixed phase was most likely not a 
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kinetic product. 
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Figure 4.1 Powder X-ray diffraction patterns of “as-prepared” nano-TiO2 powder and 
powders heat-treated for 1 h at different temperatures in the range 100 -1100 °C. Key: 
“*” = anatase and “•” = rutile peaks. 
 
The crystallite size was estimated from measured XRD peak half-breadths [(1 0 1) peaks 
for anatase or (1 1 0) peaks for rutile] by application of the Scherrer equation (McGehee 
& Renault 1972). The “as-prepared” nano-TiO2 had the smallest crystallite size of ca. 
4.5 nm in diameter (4.8 nm by HR-TEM). The calculated crystallite size increased 
steadily with increasing heat-treatment temperature, with a large size increase between 
samples heated at 700 and 800 °C (from 23 to 55 nm), respectively.  
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Figure 4.2 The effect of heat-treatment temperature (in air) on “as-prepared” nano-TiO2 
powder (i.e. 100% anatase) on the BET surface area and the transformed rutile weight 
fraction %. 
 
The equivalent sphere diameter (SD) was calculated from the specific surface area (Tseng 
et al. 2006): 
6000( )
( )true
SD nm
SA                                              Equation 4.2 
where SA is the specific surface area per unit mass of the sample and ρtrue is the true 
density of the sample. The true density in this work was obtained by considering the 
volume percentage (vol.%) of anatase and rutile phase in each sample, and then use the 
literature density of titania (ρantase = 3.88 g cm-3; ρrutile = 4.26 g cm-3). The calculated 
sphere diameter was correlated well with the crystallite diameter determined from XRD 
for powders subjected to heat-treatment at or below 200 °C (Table 4.1). At higher 
heat-treatment temperatures, the equivalent spherical diameter greatly exceeded the XRD 
crystallite size because neck growth during sintering reduces surface area and particles 
lose sphericity. 
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Table 4.1 Effect of heat-treatment temperature (T) on the rutile weight percentage (WR), 
crystallite size (CS) as determined by XRD and equivalent sphere diameter (SD) and BET 
specific surface area (SA), AP = “as-prepared” nano-TiO2. 
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Table 4.1 shows that the surface area collapses at 700 - 800 °C, the implication being that 
if the powder was well-packed initially, sintering to near full density may well be 
completed by 900 °C. BET surface area measurements on freeze-dried powders 
suggested that the “as-prepared” nano-TiO2 powder had the highest surface area of ca. 
290 m2 g−1. Under much milder conditions, TiO2 (BET surface area ca. 255 m2 g−1 /5 nm 
crystallites by XRD) was previously synthesized by Millot et al. (2005) using an 
undiluted TiBALD solution (calculated to be 2.07 M) at 300 °C and 30 MPa in a different 
type of continuous reactor. This initial report did not provide sufficient data to allow 
comparisons to our work as the pump flow rates were not given in the paper (Millot et al. 
2005). In a related report, batch hydrothermal treatment of TiBALD in the range 100 - 
300 °C, yielded particles in the size range 2 - 20 nm (Möckel et al. 1999). Note: that in 
our work, material of larger crystallite size and higher surface area was obtained. Our 
nano-TiO2 powders also showed a steady decrease in surface area with increasing 
heat-treatment temperature (at intervals of 100 °C), going to ca. 20 and 2 m2 g-1 for 
samples heated at 700 and 800 °C, respectively  (Figure 4.2 and Table 4.1). In 
comparison, Mills et al. (1993) heat-treated Degussa P25 (surface area around 50 m2 g−1) 
at similar temperatures, revealing no obvious surface area change up to 600 °C. The high 
original synthesis temperature for P25 material (which will therefore have much larger 
particles) compared to our nano-TiO2, could account for this difference. 
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(b) Raman spectroscopy 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Raman spectra of (a) “as-prepared” anatase nano-TiO2 powder at various 
heat-treatment temperatures (arrows indicate rutile bands), (b) close-up view of the 
anatase–rutile phase transformation near 700 °C, (c) close-up view of the Eg band of 
anatase at ~ 150 cm-1 for an as-prepared (nano-TiO2) sample. The band exhibits mode 
softening as the heat-treatment temperature and crystallite size increase. 
 
Raman spectroscopy was used to investigate the local structure of all the samples as 
anatase (nano-TiO2) and rutile phases show distinct Raman bands. Anatase (space group 
D4h19) has six Raman bands: 3Eg (144, 197 and 639 cm-1), 2B1g (399 and 519 cm-1) and 
A1g (513 cm-1) (Ohsaka et al. 1978). Rutile (space group D4h14) has four Raman bands: 
A1g (612 cm-1), B1g (143 cm-1), B2g (826 cm-1) and Eg (447 cm-1) (Porto et al. 1967). In 
addition to these bands, second-order scattering features could be detected in the Raman 
spectra (Ohsaka et al. 1978). Figure 4.3 (a) shows the Raman spectra of “as-prepared” 
TiO2 and of the same material heat-treated at various temperatures. Five Raman bands 
were observed for the “as-prepared” sample, which was confirmed as being the anatase 
phase of TiO2. This phase appeared to remain stable at all temperatures up to 600 °C 
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(though XRD data showed small amounts of rutile being formed by 500 °C and certainly 
at 600 °C). For samples heat-treated at 700 and 800 °C, bands attributed to the rutile 
phase were observed near 447 and 612 cm-1. For samples heat-treated at 900 °C and 
above, the Raman spectra displayed bands characteristic only of bulk rutile; the broad 
band at ~ 237 cm-1 is attributed to a second-order feature of bulk rutile (Porto et al. 1967). 
 
All bands of the “as-prepared” anatase (nano-TiO2), except for that (Eg) at ~150 cm-1, 
occur at a similar wavenumber to those of bulk anatase. However, the Eg band at 
~150 cm-1 shifts progressively to lower wavenumbers as the heat-treatment temperature 
increases and the crystallite size increases. Thus, for the sample heat-treated at 400 °C 
(corresponding to crystallite size 7.4 nm, Table 4.1), the Eg band is observed at 
147.7 cm-1. For samples heat-treated at 600 °C and above, this Raman band is located at 
144.5 cm−1, the same value as observed for bulk anatase. Furthermore, all Raman bands 
of the “as-prepared” sample are broader than those of bulk anatase. However, on being 
heated to 600 °C and above, the Raman spectra peak breadths are similar to those of bulk 
anatase. These size-dependent Raman shifts and broadening effects have been reported 
previously for TiO2 nanoparticles and have been attributed to the phonon confinement 
effect in nano-crystals (Zhang et al. 2009a; Bersani et al. 1998; Li Bassi et al. 2005; 
Zhang et al. 2000; Pottier et al. 2003). Further, Li Bassi et al. (2005) showed that both 
phonon confinement and non-stoichiometry (oxygen defects) shift the Raman band of 
nano-scale anatase to higher wavenumbers (Li Bassi et al. 2005). However, much larger 
shifts are expected in case of non-stoichiometric samples. In order to confirm the 
stoichiometry of the “as-prepared” sample, an XPS investigation was carried out which 
clearly showed that “as-prepared” anatase (nano-TiO2) is in the fully oxidized state of 
Ti4+, implying that this material is stoichiometric (Zhang et al. 2009a). This suggests that 
phonon confinement is key to the hardness of the Eg band in “as-prepared” nano-TiO2. 
(c) Photocatalytic activity 
The ‘as-prepared’ nano-TiO2 and its heat-treated derivatives were assessed for 
photocatalytic decolourisation of MB dye under light irradiation. Photocatalytic 
degradation of the MB dye for as prepared and heat-treated TiO2 powders as a function of 
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irradiation time under a simulated light source was shown in Figure 4.5. The 
photocatalytic reaction rates were plotted in Figure 4.5. In order to determine whether the 
model dye was resistant to direct decolourisation under visible-light irradiation, an 
additional experiment without any photocatalyst was performed. In this case, the reactor 
was filled with standard MB solution (6.0×10-5 M) and, after 1 h in the dark (later study 
indicated that the surface dye adsorption reaches equilibration after ca. 90 min, which 
will be reported in Chapter 7), was irradiated for 4 h. After that, the concentration of MB 
in solution was determined to have fallen by ca. 25% due to the photosensitization as 
reported previously (Figure 4.4). Furthermore, it has been also reported that use of 
methylene blue can lead to erroneous conclusions if oxygen is excluded (Mills & Wang 
1999). Nevertheless, the use of MB was deemed in that report to be useful to allow 
comparisons between different photocatalysts. All the photocatalytic reactions were 
undertaken in air, as the photobleaching of MB is irreversible in an oxygen-saturated 
aqueous solution (Mills & Wang 1999).  
 
For photocatalytic testing of the titania photocatalysts, powders were stirred for 60 min in 
the dark to allow an equilibrium concentration of MB dye to absorb onto the surface of 
the powders. Adsorption occurred in the range 12 – 20 mol% (Figure 4.4). The 
decolourisation of methylene blue in the presence of titania is reported to follow first 
order reaction kinetics, the rates being calculated using the Langmuir–Hinshelwood 
equation (Wu & Chern 2006; Xu et al. 1999). The correlation coefficient (R2) for all the 
rate constant calculations was greater than 0.98. Powders with higher surface areas 
generally adsorbed more dye initially and subsequently performed better for MB 
decolourisation; surface adsorption processes are often deemed to be one of the rate 
determining factors in certain photodecolourisation reactions (Ohtani & Nishimoto 1993). 
Interestingly, powders with a large surface area are usually associated with greater 
numbers of crystalline defects, which can favour the recombination of electrons and 
hole leading to poor photoactivity (Choi et al. 1994; Wu & Chern 2006). In this study, the 
photodegradation rate of “as-prepared” TiO2 was similar to that of samples heat-treated at 
100 or 200 °C, with slightly better activity seen for the sample heat-treated at 300 °C. 
This was assumed to be due to a good balance between surface area and crystallinity of 
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the latter heat-treated materials. 
 
 
 
100%
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 Photocatalytic degradation of the MB dye for “as-prepared” nano-TiO2 and 
heat-treated TiO2 powders as a function of irradiation time under a light source. 
 
Once the rutile phase started growing significantly, particularly for powders heat-treated 
at ≥ 700 °C, the surface area was no longer the only factor in determining photocatalytic 
activity. Although the surface area decreased rapidly between samples heated at 700 and 
800 °C (ca. 20 - 2 m2 g-1), photodecolourisation rates were similar for the two samples, 
4.9 and 34.7% rutile, respectively. It has been suggested that, under certain conditions, 
the anatase phase possesses greater photocatalytic activity than the rutile phase due to the 
difference in band-gap energy (Eg.A = 3.2 eV > Eg.R = 3.0 eV) and the lower electron-hole 
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recombination rate for anatase (Rrec.R > Rrec.A) (Carp et al. 2004; Wu & Chern 2006). 
However, Muggli and Ding (2001) investigated the enhanced photocatalytic activity of 
mixed-phase TiO2 commercial catalyst (Degussa P25, which contains ca. 30 wt.% rutile), 
and deduced that charges produced on rutile by activation with visible-light are stabilized 
through electron transfer to anatase lattice-trapping sites of lower energy. Therefore, the 
interface between these two phases facilitated rapid electron transfer from rutile to 
anatase, which minimized electron-hole recombination. Evidently, a similar effect is 
observed for our samples heat-treated at 800 °C. For our powders heat-treated at ≥ 
900 °C, photodecolourisation rates decreased dramatically due to the growth of large 
rutile crystals which are much less photoactive. 
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Figure 4.5 The photocatalytic decolourisation rate of methylene blue (MB) dye for 
“as-prepared” nano-TiO2 (denoted as: AP) and heat-treated powders as a function of 
heat-treatment temperature. 
4.3.2 Nitridation of nano-TiO2: N-doped TiO2 and titanium nitride 
(a) Synthesis and characterization 
The nano-TiO2 made in the CHFS system was obtained as an off-white powder and 
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represents a novel material to use for N-doping due to it being crystalline phase-pure 
anatase with a very high BET surface area (ca. 290 m2 g−1). Identical nano-TiO2 samples 
were heat-treated in an ammonia/argon gas flow under different conditions (varying 
temperature, time and gas flow). The colours of powders ranged from off-white for the 
precursor nano-TiO2, to black or dark brown for pure TiN that had been obtained by 
nitridation at 900 and 1000 °C, respectively (5 h at a gas flow rate of 200 mL min-1). This 
gas–solid synthesis method was first developed by Ramanathan and Oyama (1995) who 
obtained particles of TiN (particle size: 41 nm; surface area: 28 m2 g-1) from a starting 
material of TiO2 under a flow of ammonia (99.9% purity) gas at 950 °C/ 10.1 MPa for 
1.5 h. In the same report, it was suggested that the nitride particles exhibited low 
agglomeration and a narrow particle size distribution (Li et al. 2001). Chen et al. (2007) 
used an analogous method to synthesize nitride powders by nitridation of nano-TiO2 
under a gas flow of pure ammonia. The reaction transformed anatase to cubic TiN when 
the temperature was higher than 770 °C. 
 
In this work, UV–Vis spectra measured by diffuse reflectance of the heat-treated samples 
and nano-TiO2 are presented in Figure 4.6. The absorbances were determined and the 
band-gap edge positions were calculated (Gu et al. 2008; Liu et al. 2006). Samples 
nitrided at 400, 500, 600, and 700 °C showed the band-gap absorption (λ) onset 
[calculated from the reflectance spectrum using the Kubelka–Munk model (Vione et al. 
2005)] were at 420, 451, 485, and 526 nm, corresponding to energy band-gaps of 2.97, 
2.75, 2.56 and 2.36 eV, respectively. Consequently, the optical absorption edges of these 
N-doped samples shift to lower energy than that of the precursor nano-TiO2 [Eg = 3.25 eV, 
λ = 383 nm], and the absorptions after N-doping are stronger in the visible range. It is 
expected that heating TiO2 in ammonia contributes to the red shift because of the 
narrowing of the band-gap. 
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Figure 4.6 UV–Vis diffuse reflectance spectra of nano-TiO2 samples nitrided at different 
temperatures for 5 h in the range 400 - 1000 °C, under an ammonia/argon gas mixture for 
a flow rate of 200 mL min-1. 
 
In the case of the powder nitrided at a temperature of 800 °C (as will be seen later, this is 
the sample for which most of the anatase to rutile phase transition took place), the 
absorption edge in the visible range is at 430 nm (2.89 eV). The samples nitrided at 900 
and 1000 °C revealed broad absorption bands across the spectral range due to their dark 
colour. The colourimetric data for nitrided samples are summarized in Table 4.2. L* is the 
lightness axis (black = 0 to white = 100), a* is the green (−) to red (+) axis, and b* is the 
blue (−) to yellow (+) axis. The N-doped TiO2 samples which were prepared at 700 °C or 
below reflected the light essentially in the yellow, ranging from yellowish white (400 °C) 
to orange brown (700 °C). Upon nitridation in ammonia/argon gas from 800 to 1100 °C, 
the colour went from light grey to dark brown. Photograph of samples nitrided at 
different temperatures was shown in Figure 4.7. 
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Nano-TiO2 
Figure 4.7 Photo of samples nitridated under different conditions: (From left to right) ‘as 
prepared’ TiO2 power (off-white); nitridated at 400 oC (yellowish white); nitridated at 500 
oC (dark yellow); nitridated at 600 oC (light brown); nitridated at 700 oC (orange brown); 
nitridated at 800 oC (grey); nitridated at 900 oC (black); nitridated at 1000 oC (dark brown); 
nitridated at 1100 oC (dark brown). All nitridation processes were undertaken for 5 hat the 
gas flow rate of 200 mL min-1. 
 
Table 4.2 CIE Lab colourimetric parameters of nano-TiO2 samples which had been 
nitrided at temperatures in the range 400 - 1000 °C (5 h in an ammonia/argon gas mixture 
with a flow rate of 200 mL min-1). 
 Sample L* a* b* Colour description 
Nano-TiO2 86.81 -0.87 2.1 Off white 
400 oC 85.21 -0.5 7.59 Yellowish white 
500 oC 84.49 1.56 7.76 Yellow 
600 oC 81.67 2.37 6.88 Dark yellow 
700 oC 80 2.21 7.06 Orange brown 
800 oC 84.09 -0.55 2.44 Grey 
900 oC 67.84 0.16 -1.68 Black 
1000 oC 71.39 1.32 -0.63 Dark brown 
 
 
 
 
 
 
 
 
 
 
The XRD data for nitrided samples (Figure 4.8) indicate that single anatase-like phases 
are present on all samples nitrided at 600 °C and below. Rutile peaks were first observed 
for the sample nitrided at 700 °C, which was similar to the report by authors for 
heat-treatment of nano-TiO2 powders in air (results in Section 4.3.1). The ammonia did 
not appear to have any significant influence on the anatase to rutile transformation 
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temperature. Distinct peaks assigned to TiN (good match to cubic phase JCPDS pattern 
[38–1420]) appeared in the XRD plot of the sample heat-treated at 800 °C in 
ammonia/argon gas. A small amount of rutile (TiO2) was also observed. Additionally, 
very weak peaks assigned as Ti3O5 and TiO, respectively, were observed (these gave a 
match with JCPDS patterns [23–606] and [12–0754], respectively. The XRD plot for the 
sample nitrided at 900 °C revealed that the material was almost phase-pure TiN 
(extremely weak rutile and TiO peaks were also observed). Phase-pure TiN was obtained 
for the sample heat-treated to 1000 °C in an ammonia/argon gas flow for 5 h. Hence, a 
likely reaction sequence is as follows: firstly ammonia is decomposed into nitrogen and 
hydrogen 
 
2NH3 + heat → N2 + 3H2                                        Equation 4.3 
 
The reaction proceeds with the reduction of TiO2 to TiO by hydrogen, overall this is as 
follows: 
 
TiO2 + H2 → TiO + H2O                                         Equation 4.4 
 
This reaction to TiO, however, is not a direct one and may proceed through several 
successive steps that overlap at high temperature. The reduced oxide (Ti3O5), though a 
minor phase, was also observed in our work at 800 °C/5 h in an ammonia/argon gas flow 
(Figure 4.8). 
 
TiO2 → Ti3O5 → TiO                                           Equation 4.5 
 
TiO + NH3 → TiN + H2O                                        Equation 4.6 
 
Figure 4.9 shows the XRD patterns of the powder produced at 1000 °C for two different 
dwell times of 3 and 5 h, respectively. When the dwell time was 3 h, more rutile 
coexisted with the TiN phase [Figure 4.9 (c)]. By contrast, the rutile phase could not  
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Figure 4.8 Room temperature XRD patterns of nano-TiO2 powders that had been nitrided 
for 5 h at different temperatures in the range 400–1000 °C in ammonia/argon gas at a 
flow rate of 200 mL min−1. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9 Room temperature XRD patterns of nano-TiO2 powders nitrided at 1000 °C in 
ammonia/argon gas at a flow rate of (a) 200 mL min−1 for 5 h, (b) 100 mL min−1 for 5 h, 
and (c) 200 mL min−1 for 3 h. 
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be detected when the nitridation time was increased to 5 h [Figure 4.9 (a)]. Upon 
decreasing the ammonia/argon gas flow rate down to 100 mL min−1 for 5 h, a significant 
amount of rutile phase was detected [Figure 4.9 (b)]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10 Room temperature Raman spectra of nano-TiO2 and samples that were 
nitrided at different temperatures (400 - 1000 °C). All samples were heat-treated for 5 h 
under a gas flow rate of 200 mL min-1 in an ammonia/argon gas mixture. 
 
The above results for XRD were further confirmed by Raman analysis of the products 
from the nitrided nano-TiO2 powders (Figure 4.10). The Raman spectrum of the precursor 
nano-TiO2 anatase powder shows five Raman active bands at ~149 (Eg), 197 (Eg), 396 
(B1g), 516 (A1g and B1g) and 641 cm-1 (Eg). All samples nitrided at or below 600 °C 
showed Raman bands due to anatase, which suggests that doped N-atoms are in the 
lattice. The Eg mode at ~149 cm-1 softens (shifts towards lower wavenumbers) as the 
temperature was increased to 600 °C. The same trend was observed in the previous report 
on heat-treatment of nano-TiO2 in air. The softening of this Raman band is attributed to 
increase in particle size and non-stoichiometry of TiO2 as it is nitrided in a reducing 
atmosphere (Li Bassi et al. 2005). Upon heating in ammonia/argon gas at or above 
700 °C/5 h, the anatase-rutile transition takes place. The Raman spectrum of the sample 
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nitrided at 900 °C revealed peaks due to the TiN phase, along with a weak shoulder at ~ 
447 cm-1 due to rutile (Eg band). For the sample nitrided at 1000 °C, three Raman-active 
bands at ~ 206, 300 and 569 cm-1 were observed and assigned to transverse acoustic (TA), 
longitudinal acoustic (LA), and transverse optical (TO) modes of TiN, respectively. Note 
that first-order Raman scattering is forbidden for a perfect crystal with a face-centered 
cubic structure (Spengler et al. 1978). However, TiN generally contains vacancies and 
slight N-deficiency which makes defect-induced, first-order Raman scattering in the 
cubic lattice of TiN possible. We find that the low energy acoustical modes at 225 and 
320 cm-1 soften as the temperature is increased from 900 to 1000 °C, the softening being 
attributed to a lesser N-deficiency in the latter (Spengler et al. 1978).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11 BET specific surface area, crystallite size (estimated from XRD by Scherrer 
equation), and nitrogen atomic percentage (quantified by EDX) dependence of nitrided 
powders prepared at different temperatures. All samples were heated for 5 h under a flow 
rate of 200 mL min−1 of an ammonia/argon gas mixture. 
 
The crystallite size of N-doped TiO2 samples was estimated from half-peak widths in the 
XRD pattern by applying the Scherrer equation (McGehee & Renault 1972) and were 
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given in Figure 4.11. BET surface area values (N2 adsorption method) of all nitrided 
samples generally decreased with increasing temperature and dwell time in the furnace, 
from 98 m2 g-1 (400 °C, 5 h) to 9 m2 g-1 (1100 °C, 5 h). Figure 4.11 shows the 
relationship between the BET specific surface area, crystallite size (determined from 
XRD half-peak widths by application of the Scherrer equation), and the nitridation 
temperature (under the same dwell time of 5 h and ammonia/argon gas flow). Above 
900 °C, the crystallite size increased rapidly from 60 nm (at 900 °C) to 108 nm (at 
1100 °C). 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12 TEM images of phase-pure TiN prepared in ammonia/argon at 1000 °C, at a 
gas flow rate of 200 mL min−1 mixture over 5 h. 
 
In this work, pure TiN prepared by heat-treatment in ammonia/argon at 1000 °C for 5 h 
had an average crystallite size of ca. 72 nm and particle size (calculated from the BET 
surface area assuming a sphere) of 78 nm. The bright-field TEM images (Figure 4.12) of 
the TiN powder (1000 °C for 5 h), revealed polygonal particles with a mean crystallite 
diameter of ca. 72 ± 19 nm (21 particles sampled). Hence, the different methods suggest a 
similar particle size for the crystallites. In separate experiments, the effects of gas flow 
rate and nitridation time on crystallite size and surface area were investigated. A 
nano-TiO2 powder nitrided at a lower gas flow rate (100 mL min-1) at 900 °C (5 h), had a 
slightly higher surface area (17 m2 g-1 vs. 13 m2 g-1, error of ± 0.85 and ± 0.47, 
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respectively) than that made at a higher gas flow rate (200 mL min-1) which reinforces the 
suggestion by Liu et al. (2006) that ammonia gas hinders the coarsening of titania. Such 
hindrance is expected to lessen (due to the decomposition of NH3) for longer dwell times 
and higher temperatures. The hindrance of particle growth can be further confirmed by 
comparing with previous work on the heat-treatment of same nano-TiO2 where for 
samples heat-treated in air (for only 1 h) at 600 and 700 °C, the surface area reduced from 
42 to 20 m2 g-1. The same nitridation temperatures (in fact for 5 h) led to a surface area 
change from 35 to 28 m2 g-1 suggesting that sintering is being effectively hindered for 
latter sample relative to that heat-treated in air at the same temperature. 
(b) X-ray photoelectron spectroscopy (XPS) 
XPS utilizes photo-ionization and analysis of the binding energy distribution of the 
emitted photoelectrons to investigate the composition and electronic state of the surface 
region of a sample. Binding energy represents the difference in energy between the 
ionized (by emission of an inner shell electron) and neutral atoms. In this work, XPS was 
applied to examine three main spectral regions of all samples; the Ti 2p region with the 
binding energy of near 460 eV (448 – 472 eV), the O 1s region near 530 eV (525 – 
539 eV), and the N 1s region near 400 eV (389 – 419 eV). In these selected regions, the 
chemical states and quantity of each element on the surface were examined. From the 
XPS survey spectra of the nitrided samples, it can be seen that the surfaces are composed 
of Ti, O, N and a small amount of adventitious carbon, which was incorporated from the 
carbon of the starting material. 
  
XPS of the nano-TiO2 powder was examined in order to assess the amount of Ti3+ versus 
Ti4+ ions, as it was assumed that the use of a metal-organic precursor (TiBALD) in the 
CHFS may provide a slightly reducing environment. The spectrum of the nano-TiO2 has a 
Ti 2p3/2 binding energy of 458.6 eV and a spin-orbit splitting of 5.7 eV between the 
doublets [Figure 4.13 (a)], which is in excellent agreement with the values reported for 
anatase TiO2 in the NIST database. This indicates that the material was in a fully oxidized 
state of Ti4+ (O–Ti–O). The same sample also exhibited an O 1s peak at 529.8 eV, 
characteristic of the oxide. An additional O 1s peak was observed as a higher binding 
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energy shoulder, with a binding energy of 531.0 eV, suggesting the presence of surface 
hydroxyl groups. The ratio of Ti:O(529.8 eV) was found to be 1:1.98; thus, the XPS data 
together with the XRD data, strongly suggests that the nano-TiO2 material synthesized 
using the CHFS system is stoichiometric anatase. 
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Figure 4.13 (a) The Ti 2p peak at 458.6 eV of nano-TiO2 powder, and powders nitrided at 
temperatures ranging from 400 to 700 °C. (b) The Ti 2p peak at ca. 458 eV for powders 
nitrided at temperatures of 800, 900 and 1000 °C. All samples were heated for 5 h in an 
ammonia/argon gas mixture. 
 
Ti 2p spectra from the nano-TiO2 samples nitrided at different temperatures are shown in 
Figure 4.13. Figure 4.13 (a) shows the XPS spectra of Ti 2p3/2 in TiO2 nitrided at or 
below 700 °C which can be fitted as one peak located at 458.6 ± 0.2 eV. This peak 
position is that expected for Ti4+ in pure TiO2 and confirms that no Ti3+ is present in the 
N-doped samples nitrided at temperatures up to 700 °C. Small shifts to lower binding 
energy (ca. 0.4 eV) in the Ti 2p region are noted when comparing the CHFS synthesized 
nano-TiO2 to the samples prepared in the range 400 - 700 °C. The Ti:O ratio (where O is 
for the oxide component only) remains steady in the range 1:1.96 to 1:1.98 for the 
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samples prepared at temperatures up to and inclusive of 400 °C (by XPS not EDX). For 
samples prepared at 500 and 600 °C, the ratio is 1:1.92 for both, suggesting that there is 
some disruption in the lattice arising from the removal of oxygen, hence the lower ratio. 
For the samples prepared at 700 °C, the Ti:O ratio is noticeably lower at 1:1.68. It is 
possible that these defect sites are responsible for the photocatalytic activity (Liu et al. 
2003). 
 
Upon the incorporation of nitrogen into the TiO2 anatase lattice at nitridation 
temperatures at and above 800 °C, the Ti 2p spectra exhibit a significant shift from a 
binding energy of 458.5 (at 700 °C) to 458.0 eV (at 1000 °C), indicating the presence of a 
less defined titania phase (Chen et al. 2007). For the sample nitrided at 900 °C, a mixture 
containing TiO2, TiN and an intermediate phase was obtained; the spectra can be fitted 
with four doublets [Figure 4.15 (b)], containing Ti4+, Ti3+, and a titanium species with a 
lower oxidation state (Chen et al. 2007). The fourth doublet, corresponding to the highest 
binding energy peaks for the Ti 2p3/2 and 2p1/2 signals can be attributed to shake-up 
satellite structure associated with TiN (Liu et al. 2003). Upon comparison with the 
corresponding XRD data, the Ti4+ can be correlated to rutile TiO2, the Ti3+ to cubic phase 
TiN, and the other species could be TiO or some other a distorted lattice Ti species 
located between the TiO2 and TiN (e.g. titanium oxynitride). For the sample nitrided at 
1000 °C, peaks also appeared at a binding energy of 458 eV associated with the Ti3+ of 
TiN, but some Ti4+ was also observed, this being attributed to the re-oxidization of the 
TiN powder surface in air (G° ~ 580 kJ mol-1). As XPS is a surface sensitive technique, 
providing elemental analysis of the upper 5 - 10 nm layer, this re-oxidation is readily 
noticeable but of course may not readily be observed in the analogous XRD data. 
 
The N 1s peaks in the XPS are useful in identifying the types of nitrogen present in the 
samples, i.e. in N-doped titania, cubic nitride, or some other N-species (Glaser et al. 
2007). N 1s peaks were observed at a binding energy of 399.7 ± 0.2 eV for samples 
nitrided at or below 700 °C. Typically such binding energies are characteristic of NHx and 
atomic γ–N and such species would be conceivable here due to possible adsorption of 
residual ammonia. However, closer inspection of the literature indicates interstitial 
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nitrogen, or M–N–O bonds (where M = Si or Ni) in the binding energy range 399.5 - 
399.9 eV. It is conceivable that this binding energy reflects the formation of such bonds 
here. Surprisingly, there is no obvious peak at 395.9 ± 0.2 eV observed for samples 
nitrided at or below 700 °C, and assigned to atomic β–N (396 eV) for N-doped samples 
in most of the literature (Asahi et al. 2001;Saha & Tompkins 1992). Instead, a XPS peak 
at 399.7 eV can be clearly observed, suggesting the presence of chemisorbed atomic γ–N 
and ammonia species. Figure 4.14 (a) shows the N 1s XPS spectra of samples nitrided at 
700 - 1000 °C. A significant shift in the N 1s peak is observed in this nitridation 
temperature range, from 399.7 eV (at 700 °C), to 395.5 eV (at 1000 °C). In particular, for 
samples prepared at 900 and 1000 °C, peaks are centered at 395.7 and 395.5 eV, 
respectively, which are lower than the literature value for TiN of ca. 397 eV (Chen et al. 
2007; Peng et al. 2008; Saha & Tompkins 1992). The shift in the N 1s binding energy is 
consistent with the multiple states observed in the O 1s spectra. Indeed, for preparation 
temperatures above 800 °C, there are 2–3 oxygen species present, suggesting oxygen 
incorporation into the Ti–N lattice. 
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Figure 4.14 (a) The N 1s peak of nitrided powders at temperatures ranging from 700 to 
1000 °C. (b) O 1s peaks for the same samples. All samples were heated under the gas 
flow rate of 200 mL min-1 in an ammonia/argon gas mixture for 5 h. 
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The O 1s peaks at ca. 531–532 eV [Figure 4.14 (b)] were first observed by Saha and 
Tomkins (1992) and more recently by Gyorgy et al. (2003) who assigned them to the 
formation of oxidized Ti–N, leading to a Ti–O–N structure. The present study suggests 
that the appearance of this peak is a consistent feature of nitrogen substitution in TiO2 and 
signifies the formation of an O–Ti–N structure (Chen & Mao 2006). This is also 
supported by the N 1s spectra, whereby the high binding energy peak (401.6 eV), is 
generally characteristic of N–O bonds (e.g. –NOO–), although Saha and Tomkins (1992) 
have suggested that this may be a consequence of terminally bound –N2 adsorbed states. 
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Figure 4.15 (a) Curve fitted N 1s spectra for the sample prepared at 1000 °C, and 
experiencing some re-oxidation. (b) Corresponding Ti 2p spectra showing multiple 
oxidation states. The samples were heated under a gas flow rate of 200 mL min-1 in an 
ammonia/argon gas mixture for 5 h. 
 
It is evident also from the N 1s spectra of the sample prepared at 1000 °C, that there are 
multiple nitrogen states under the main peak at 395.8 eV [Figure 4.15 (a)]. Curve-fitting 
analysis reveals two peaks, centred at 395.5 and 396.5 eV; the latter we attribute to a pure 
nitride as seen in e.g. CrN (Nishimura et al. 1989), whilst the former is more perplexing. 
It is believed to be due to nitride in a non-ideal co-ordination. It has also been proposed 
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by Asahi et al. that N 1s species at ca. 396 eV are assigned to substitutional nitrogen 
(β-N), which may be related to the active sites of the photocatalysis (Asahi et al. 2001). 
The other peaks at 397.4 and 399.0 eV, are assigned from the literature, and the energies 
are analogous to those reported for TiN (Biwer & Bernasek 1986) and BNxO (here by 
analogy TiNxO) (Guimon et al. 1990). Again, the latter oxynitride species would be 
consistent as a possible intermediate in the re-oxidation sequence to TiO2. These 
assignments for the N 1s energies are again in good agreement with the literature for 
corresponding Ti samples, with Ti 2p3/2 binding energies of TiNO(x<1) reported to be 
454.8 eV and TiN at 455.8 eV (Saha & Tompkins 1992). Furthermore, EDX (a 
non-surface sensitive technique) gave a N/Ti atom ratio of 0.968 (theoretical value = 1) 
for the sample nitrided at 1000 °C/5 h. Nitrogen at.% quantified by EDX for all nitrided 
TiO2 sample are shown in Figure 4.11, and samples heat-treated at 400, 500, 600, 700, 
800, 900, 1000 and 1100 °C were found to contain 0.92, 1.67, 1.98, 4.36, 22.89, 42.20, 
49.07 and 49.11 nitrogen at.%, respectively. 
(c) Photocatalytic decolourisation of methylene blue 
Photocatalytic activity of the N-doped TiO2 and nitrides was assessed on the basis of the 
decomposition rate of methylene blue (MB) dye under light irradiation for up to 4 h. In 
order to determine whether the model dye was resistant to degradation under direct light 
irradiation, an additional 4 h experiment was performed in the absence of any 
photocatalyst (as a control). It was found that ca. 25% of MB was lost due to 
self-photosensitization (Figure 4.16). Furthermore, it has been also reported that use of 
methylene blue can lead to erroneous conclusions if oxygen is excluded. All the 
photocatalytic reactions were undertaken in air, as the photobleaching of MB is 
irreversible in an oxygen-saturated aqueous solution. 
 
The photocatalytic reactors containing catalysts were irradiated with visible-light after 
60 min stirring in the dark to allow the dye adsorption to reach equilibrium onto the 
catalyst's surface. Later research indicated that the surface adsorption reaches equilibrium 
after 90 min, detail information will be reported in Chapter 7. Thereafter, at 60 min 
intervals (during irradiation), the light was switched off and the intensity of the 665 nm 
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UV–Vis band absorbance was quickly measured for each sample after first using a short 
centrifugation step (5100 rpm, 5 min) to remove any solids. All samples were returned 
after measurement prior to further irradiation. Photocatalytic degradation of the MB dye 
for as prepared and nitrided TiO2 powders at different temperatures (all at the same gas 
flow rate of 200 mL min-1, in an ammonia/argon gas mixture with a dwell time of 5 h) as 
a function of irradiation time under a simulated light source was plotted in Figure 4.16. 
The overall photocatalytic decolourisation rate (during irradiation) of the MB dye for 
each sample heated at different temperatures was plotted and appeared to obey 
pseudo-first-order reaction kinetics with a correlation coefficient (R2) for all the rate 
constants > 0.98. 
 
  4 h irradiation with 
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Figure 4.16 Photocatalytic degradation of the MB dye for nano-TiO2 and nitrided TiO2 
powders at different temperatures (all at the same gas flow rate of 200 mL min-1, in an 
ammonia/argon gas mixture with a dwell time of 5 h), as a function of irradiation time 
under the light source. 
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time-frame of the experiment (Figure 4.17), and was higher than that of nano-TiO2 or its 
samples heat-treated in air as reported in Section 4.3.1. The material was also partially 
reduced as a result of the nitridation process. Reduced TiO2 (non-stoichoimetric) has been 
shown elsewhere to have a longer lifetime for the holes due to a reduced number of 
recombination centres (Liu et al. 2006). By comparison, the powder treated at 400 °C 
showed lower photocatalytic activity even though its surface area was higher. 
 
In the case of nitrogen-doped TiO2, Livrghi et al. (2006) proposed that the hole formed by 
charge separation, results in N  sites (substitutional N at 396 eV in XPS spectra) or N− 
sites (N  being reduced by the presence of Ti3+). The excited electrons are available for 
chemical reduction reactions at the surface. In summary, N  centers are formed from 
visible-light absorption with promotion of electrons from the band-gap localized states to 
the conduction band or to surface-adsorbed electron scavengers (O2 −, HO2  or HO − 
species) (Livraghi et al. 2006).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Nano-TiO2
Figure 4.17 Photocatalytic degradation rate of the methylene blue dye for nano-TiO2 and 
powders nitrided at different temperatures (all at the same gas flow rate of 200 mL min−1, 
in an ammonia/argon gas mixture with a dwell time of 5 h), as a function of temperature 
under a visible-light source. 
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The N-doped sample prepared at 600 °C showed significantly higher photocatalytic 
activity than one prepared at 500 °C, though it possessed larger particle size (46 nm 
versus 31 nm) with similar nitrogen doping levels (1.98 at.% versus 1.67 at.%). This can 
be explained if the predominant mechanism of electron–hole recombination differs 
depending on the particle size. It is known that within the smaller nanosize catalysts, 
volume and surface electron–hole recombinations are more likely to take place. 
Conversely with a slightly larger particle size, the number of active surface sites 
decreases, and so does its quantum (electron and hole) yield. 
 
A decrease of activity resulting from nitriding the samples at temperatures between 600 
and 700 °C, accompanying formation of the rutile phase (Figure 4.8), was also observed. 
This is despite the fact that some of these samples had greater displacement of their 
absorption edges into the visible range. The TiN samples showed almost no 
photocatalytic effect. 
4.3.3 Surface doping of nano-TiO2 
The starting material for surface doping was the “as-prepared” cleaned TiO2 slurry (not 
freeze-dried yet in this case). Two vanadium (IV) surface-doped TiO2 samples 
(theoretical doping level of 10 and 25 mol%, respectively), denoted as V-surf (10%) and 
V-surf (25%), were freeze dried after surface doping appearing dark green colour. 
Powders were characterized with various techniques. Also, for comparison, 1 mol% and 
10 mol% lattice-doped V- TiO2 were also directly obtained using CHFS at the same 
condition as the synthesis of standard TiO2 (sample S1). Lattice doped samples were 
denoted as V-lattice (1%) and V-lattice (10%), respectively. Brunauer-Emmett-Teller 
(BET) surface area value of surface-doped samples is ca. 220 m2 g-1; and ca. 290 m2 g-1 
for the lattice-doped samples. BET surface area of starting material (nano-TiO2, sample 
S1) was 290 m2 g-1, being measured after freeze-drying. Samples and some of the results 
were summarized in Table 4.3. 
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(a) Phase characterisation 
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Figure 4.18 XRD pattern of the undoped TiO2 and surface-doping products at different 
V-content prepared at 10 mol% and 25 mol% salt solution, respectively. All products 
showed a single anatase phase. 
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Figure 4.19 XRD pattern of the undoped TiO2 and lattice-doping products at different 
V-content prepared at 1 mol% and 10 mol% doping levels. All samples were obtained 
directly from CHFS. All products showed a single anatase phase. 
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The X-ray phase analysis of the samples prepared under different conditions are given in 
Figure 4.18 that phase of anatase and no separate phase of VO2 or other vanadium oxides 
was detected even though the theoretical doping value of 25 mol%. It also can be seen 
from Figure 4.19 that the diffraction peaks at 2θ = ~25 o shifted to higher value on the 
V-lattice TiO2 (10 mol %) sample (from 25.3 o to 25.8 o). This indicates the formation of 
the solid solution of vanadium-titanium oxides through direct synthesis of lattice doping 
materials by CHFS. The radius of V4+ ion (0.54 nm) is smaller than that of Ti4+ (0.69 nm), 
so the doping of V (IV) makes the cell parameter smaller than that of pure TiO2. There’s 
no noticeable shift on the peak (1 0 1) of 1 mol% lattice doped sample. 
(b) Energy-dispersive X-ray (EDX) analysis 
Table 4.3 Samples used in this study, and their BET specific surface area, band-gap, and 
vanadium-content determined by EDX. 
Sample Surface area 
m2 g-1 
Band-gap 
eV 
V-content 
mol% (EDX) 
Synthesis  
method 
Nano-TiO2 (S1) 289 3.25 - CHFS 
V-surf (10%) 228 3.11 4.0 Surface doping 
V-surf (25%) 213 3.05 11.5 Surface doping 
V-lattice (1%) 282 2.84 0.8 CHFS 
V-lattice (10%) 294 2.70 7.4 CHFS 
 
The distribution of V4+ in particles of V-surf doped TiO2 was studied and a relatively 
uniform distribution of V4+ between particles was revealed through EDX metal analysis 
technique by measuring 10 different areas of each sample. The V content of each sample 
was 4 mol% and 11.5 mol% for V-surf TiO2 (10 mol %) sample and V-surf TiO2 (25 
mol%) sample, respectively. The standard deviation of each measurement was 1.1 mol% 
and 1.8 mol%, respectively, on 10 different areas, indicating a uniform distribution of V 
ions in each sample. The metal analysis suggests that significant amount of V ions were 
deported after the surface doping (or were leached out after washing procedure). The data 
obtained from the sample with theoretical 1% and 10% lattice-doping prepared using 
CHFS also showed homogeneity, and the V content reached as high as 0.8%, and 7.4% 
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(10 different areas of the powders examined), respectively, suggesting (along with the 
XRD result) that V4+ was dispersed uniformly in lattice of TiO2 and uniform solid 
solution was achieved through CHFS lattice doping. 
(c) Diffuse reflectance spectra 
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Figure 4.20 Diffuse reflectance spectra of nano-TiO2, surface doped [V-surf (10 %) and 
V-surf (25 %)], and lattice doped [V-lattice (1%) and V-lattice (10%)]. 
 
Figure 4.20 shows the diffuse reflectance spectra of V4+ surface-doped TiO2 
nanoparticles. There’s no significant shift in absorption threshold of TiO2 [at 390 nm 
(3.25 eV)] for both samples [400 nm (3.11 eV) for 10 mol%; and 408 nm (3.05 eV) for 
25 mol%]. However, for V4+ lattice-doping, the absorption threshold shift significantly 
[436 nm (2.84 eV) for 1%; and 457 nm (2.70 eV) for 10%] with the increase of V4+ 
content and the absorption enhanced also with increasing V4+ content in samples in the 
range of 320 – 500 nm, accompany a colour change from light brown to reddish brown. 
The red shift of the absorption edge of the V-lattice doped TiO2 was attributed to the 
excitation of 3d electrons of V4+ to the TiO2 conduction band (charge-transfer transition) 
according to the energy levels. 
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(d) Photocatalytic degradation of methylene blue (MB) 
Photocatalytic activity of the nano-TiO2 (sample S1), surface doped [V-surf TiO2 (10 mol 
%) and V-surf TiO2 (25 mol %)], and one lattice doped [V-lattice TiO2 (1 mol %)] sample 
was assessed on the basis of the decomposition rate of methylene blue (MB) dye under 
light irradiation for up to 4 h. All the photocatalytic reactions were undertaken in air, as 
the photobleaching of MB is irreversible in an oxygen-saturated aqueous solution. The 
photocatalytic reactors containing catalysts were irradiated with visible-light after 60 min 
stirring in the dark to allow the dye adsorption to reach equilibrium onto the catalyst's 
surface. 
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Figure 4.21 Photocatalytic degradation of the simulated pollutant (methylene blue dye) 
in the nano-TiO2 (sample S1), surface doped [V-surf (10 %) and V-surf (25 %)], lattice 
doped [V-lattice (1%)], and Degussa P25 photocatalyst samples as a function of 
irradiation time under a visible-light source.  
 
Figure 4.21 shows the concentration profiles of remaining MB solution as a function of 
the irradiation time under the visible-light. In both surface-doped sample suspensions, the 
degradation of MB was greater enhanced than the pure TiO2, the photodecolourisation 
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rates of which was comparable or even better than Degussa P25. The overall 
photocatalytic MB decolourisation rate of each sample was determined by application of 
Langmuir-Hinshelwood kinetics (Kumar et al. 2008) after 30 and 60 min and the results 
are shown in Figure 4.3.3 e and f.  The decolourisation rates for P25, V-surf (10 mol%), 
and V-surf (25 mol%) were 4.80 × 10-4 s-1, 11.13 × 10-4 s-1 and 9.91 × 10-4 s-1 for the first 
30 min of irradiation, respectively; and 4.02 × 10-4 s-1, 7.96 × 10-4 s-1and 7.37 × 10-4 s-1 
for the first 2 hours. 
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Figure 4.22 The photocatalytic decolourisation rate of methylene blue dye for the 
nano-TiO2 (Sample S1), surface doped [V-surf (10 mol %) and V-surf (25 mol %)], lattice 
doped [V-lattice (1 mol %)], and Degussa P25 photocatalyst, with the light irradiation for 
the first 30 min, respectively. 
 
Particularly for the V-surf TiO2 (25 mol %) sample, the MB solution was almost bleached 
within the first 30 min (only ca. 5% left, Figure 4.22), exhibiting superior photoactivity. It 
is noticed that the dye surface absorption of this catalyst is as high as 67% during the first 
60 min stirring in the dark. The high initial dye absorption is probably due to the presence 
of anionic SO4-group (from the VSO5 precursor) on the surface of V-surf TiO2 particles. 
The sulfate replacement of surface hydroxyl groups of TiO2 during the surface doping 
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reaction, increase the chemical/physical absorption of MB molecules (Noda et al. 2003). 
Sulphation of catalyst leads to an increase of surface acidity (named as Brönsted acidity). 
The formation of Brönsted acid sites would be favoured in samples with higher sulfate 
content, and increase the adsorption strength between sulfate group and organic dyes. The 
substrate adsorption phenomenon was reported in several publications (Corma et al. 1996; 
Lopez et al. 2000; Noda et al. 2003). 
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Figure 4.23 The photocatalytic decolourisation rate of methylene blue dye for the 
nano-TiO2 (Sample S1), surface doped [V-surf TiO2 (10%) and V-surf TiO2 (25%)], 
lattice doped [V-lattice TiO2 (1%)], and Degussa P25 photocatalyst, with the light 
irradiation for the first 120 min, respectively. 
 
The superior photocatalytic activity of V-surf TiO2 (25%) is not due to the effect of 
introducing an intra-band-gap through V doping (no obvious red-shift in this sample), but 
is more likely attributed to the photosensitization process with MB dye as a sensitizer: the 
high absorbability of MB dye on TiO2 and absorbance of dye under the light irradiation. 
During this process, the dye adsorbed on TiO2 was excited by irradiation and then an 
electron was injected from the excited dye molecule to the conduction band of TiO2, 
where it was scavenged by molecular oxygen to produce singlet oxygen atom to promote 
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decolourization. In addition, the surface sulphate group itself can increase the production 
of free hydroxyl radicals in solution (Noda et al. 2003) due to the enhanced hole 
availability for dye oxidation. 
 
The lattice-doping of V-TiO2 samples showed reduced photocatalytic activity compared 
to surface doped materials. The proposed reasons for the observed reduced photocatalytic 
activity of V4+ doped TiO2 include that by residing in the middle of the band-gap, V4+ 
localized energy levels inhibit the promotion of free charge carriers on TiO2 surface by 
consuming itself the generated electrons and subsequently reducing the activity of the 
catalyst. Additionally, because vanadium can quite easily switch between stable oxidation 
states (+4 and +5), the accessible radicals can be consumed. Therefore the V 
lattice-modified TiO2 samples exhibited lower activity than undoped TiO2 with V-lattice 
TiO2 (1%) sample being least active. 
4.4 Conclusions 
The work in this chapter constitutes several post-treatment methods undertaken to further 
enhance the photocatalytic activity of nan-TiO2 prepared using a CHFS system at 400 oC 
and 24.1 MPa. It demonstrates that, even within pure nano-TiO2 (anatase) of high surface 
area made using continuous hydrothermal flow synthesis, the post-preparation treatment 
conditions can greatly affect photocatalytic performance. Thus, three post-treatments 
were adopted: heat-treatment in air, nitridation (nitrogen-doping) in ammonia / Ar gas 
flow, and surface modification (surface doping). 
 
For powders heat-treated in air, the anatase-rutile transition largely took place in the 
range 700 - 900 °C (onset at ca. 500 °C). Nano-TiO2 (anatase) heat-treated at 300 °C in 
air, showed the highest photoactivity for decolourisation of MB under light irradiation for 
4 h. Presumably, this is related to the best balance between high surface area and higher 
crystallinity of this sample. The photocatalytic activity of the sample heat-treated at 
800 °C, was better than expected and attributed to formation of a mixture of anatase and 
rutile phases which facilitated efficient electron transfer to minimize electron-hole 
recombination in anatase. The softening of the Raman band (Eg) of anatase with increase 
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in particle size is also relevant to the study. 
 
A simple method for the synthesis of nanocrystalline, N-doped TiO2 and titanium nitride 
powder was demonstrated. Nano-TiO2 prepared in a continuous hydrothermal flow 
synthesis system was found to be reactive towards a mixed ammonia/argon flow resulting 
in N-doping and formation of phase-pure nitride. The route allowed novel N-doped 
anatase photocatalysts to be prepared with a relatively very small crystallite size (ca. 11 - 
52 nm) at 700 °C or less. The sample displaying highest photoactivity (prepared at 
600 °C) had ca. 1.98 at.% nitrogen in the titania lattice; this level of N-doping appeared 
to promote electron transfer from the band-gap localized states to the conduction band or 
to the surface. Finally, samples prepared at 700 °C appeared to be oxygen deficient, 
which may be partly responsible for the reasonable photocatalytic activity of this sample. 
Further studies will be required to help clarify whether oxygen deficiency has a bigger 
effect on photocatalytic activity than N-doping at low levels. 
 
Surface doping of vanadium was achieved by a simple incipient wetness method, which 
involves the reaction between nano-TiO2 powders and vanadium salt solution. The 
surface modified TiO2 material exhibited superior photocatalytic activity. The 
photodecolourisation rate of this material was about the twice of the commercial 
photocatalyst P25. It was found that the initial adsorption of MB on the surface-doped 
sample was quite high due to the presence of sulphate groups on the surface. The 
adsorbed dye along with the sulphate groups significantly promoted the dye oxidation. 
However, the lattice doped V-TiO2 showed detrimental behaviour on the dye 
photodecolourisation. 
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Chapter 5 Continuous Hydrothermal Synthesis of Extensive 2D 
Sodium Titanate (Na2Ti3O7) Nano-sheets 
5.1 Introduction 
There has recently been much interest in different structural forms of photoactive 
materials such as modified-titanias or titanates for a wide range of applications 
including self-cleaning window coatings (Mills et al. 2002), water purification (Chen 
& Dionysiou 2005), antibacterial coatings (Hajkova et al. 2007) and pollutant or 
organic molecule destruction (Alberici et al. 2001). When semiconductors such as 
TiO2 are illuminated by UV light, photons can excite electrons in the valence band 
across the band-gap into the conduction band, leaving holes in the valence band 
(Alberici et al. 2001). The holes in TiO2 react with water molecules or hydroxide ions 
and produce hydroxyl radicals (Alberici et al. 2001), which can oxidize organic 
molecules or chemicals. Photo-electrochemically active forms of titania include 
undoped anatase, metal or non-metal doped titanias, mixed anatase / rutile phases, and 
titanates including titania nano-tubes. The photoelectrochemical activities of these 
materials are strongly influenced by particle properties such as phase composition, 
structure, defects, crystal size, structure crystallinity, surface area and surface groups, 
etc. 
 
In particular, sodium titanates have been cited as photoactive materials, and their 
structure has been reported as initially forming as stacked titanate layers (TiO6 
octahedra sharing edges with each other, and forming a zig-zag ribbon structure) to 
form a sheet with Na+ cations residing between the layers. The sheets are normally 
rolled up parchments resembling tubes. (Djenadic et al. 2007) 
 
Kasuga et al.(1998) first synthesized long and uniform titanic acid nano-tubes with 
external diameter as small as 10 nm by simply treating crystalline TiO2 in highly 
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concentrated NaOH (10 M) aqueous solution in a batch hydrothermal reactor at ca. 
110 - 150 oC for 20 h followed by a water wash and then a HCl (0.1 M) wash (the 
final step converted sodium titanate to titanic acid). The post-wash of sodium titanates 
samples in acid solution has also been studied by others (Lee et al. 2008). 
 
It is generally agreed that during batch hydrothermal synthesis, small sodium titanate 
sheets are formed early on and then roll up to minimize strain, giving a final product 
with a parchment-like structure (Djenadic et al. 2007; Wu et al. 2006). Weng et al. 
(2006) suggested that increasing the hydrothermal reaction time, increases the 
tendency for curling. Little is understood about the kinetics of this process as such 
batch syntheses typically take several days at up to 220 oC (Morgado et al. 2006). 
Whilst sodium titanate tubes can be made in a range of sizes (Bavykin et al. 2004; 
Djenadic et al. 2007), direct formation of large well characterized unrolled crystalline 
sheets has proved to be unattainable; typically sheets of a few nm (15 - 100 nm) have 
been reported (Bavykin et al. 2004; Viriya-Empikul et al. 2008) or polycrystalline 
sheets have been produced (Djenadic et al. 2007). For batch syntheses conducted at 
lower temperatures, the products are less crystalline, requiring a further heat-treatment 
step. (Lee et al. 2008; Morgado et al. 2006)  
 
In contrast to batch hydrothermal processes, continuous hydrothermal flow synthesis 
(CHFS) reactions offer a green, rapid controllable method for producing inorganic 
nano-materials. In CHFS, a superheated water stream (above the critical temperature, 
Tc = 374 °C, and pressure Pc = 22 MPa) is brought into contact with a flow containing 
metal salt(s) to produce crystalline nanoparticles rapidly and continuously (Darr & 
Poliakoff 1999). The nanoparticles formed are continuously recovered from the exit of 
the apparatus (after cooling) in a matter of minutes. This process offers the potential 
to isolate kinetic (metastable) products or forms rather than thermodynamic products 
due to the relatively short duration under hydrothermal conditions. In particular, the 
CHFS-made nanomaterials have been obtained with unique combinations of size, 
shape composition (Boldrin et al. 2007), or made much faster (in seconds) and more 
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efficiently than more conventional methods [either directly (Chaudhry et al. 2006; 
Zhang et al. 2009a) or indirectly (Weng et al. 2007 & 2008; Zhang et al. 2009b)]. 
Recent, notable examples include the instant synthesis of crystalline hydroxyapatite 
(HA) (Chaudhry et al. 2006), Mg-doped HA (Chaudhry et al. 2008) and nano-sized 
NiCo2O4 spinel (Boldrin et al. 2007). 
 
In this chapter, a novel and rapid and continuous hydrothermal route to the synthesis 
of extensive and ultra-thin 2D sodium titanate (Na2Ti3O7) nano-sheets using a 
superheated water flow at 450 oC and 24.1 MPa as a crystallizing medium is 
described. High resolution electron microscopy of the sheets revealed that the sheets 
were largely uncurled and were highly crystalline despite their very short time under 
hydrothermal conditions. The sheets possessed excellent photocatalytic activity for 
decolourisation of methylene blue dye. 
5.2 Experimental 
5.2.1 Synthesis of sodium titanates 
The as-prepared Na2Ti3O7 nano-powder was made using a continuous hydrothermal 
flow synthesis (CHFS) reactor, the basic design of which has been reported in 
previous chapters (Figure 5.1). For the synthesis of as-prepared Na2Ti3O7 
nano-powder, an aqueous solution of 0.2 M titanium(IV) bis(ammonium lactato) 
dihydroxide (TiBALD) was pumped to meet a flow of NaOH (15 M) at room 
temperature at a Tee junction (‘T’ in Figure 5.1). This mixture then met a flow of 
superheated water at the mixing point (a counter-current mixer, ‘R’ in Figure 5.21), 
whereupon rapid precipitation occurred. The aqueous suspension was cooled via a 
water jacket cooler, passed through a 7 μm in-line filter, and the white slurry was 
collected from the exit of the back-pressure regulator. HPLC pump rates of 20, 10 and 
10 mL min-1 were used for superheated water (P1), TiBALD solution (P2) and NaOH 
aqueous solution feed (P3), respectively. The supercritical water feed was at 450 ºC 
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and 24.1 MPa, whilst the other feeds were at room temperature initially (the reaction 
was also run using a range of different base concentrations (2 -15 M) NaOH, and in 
the cases of the base concentration higher than 10 M, Na2Ti3O7 was identified in the 
products. 
 
 
 
 
 
 
 
 
 
Figure 5.1 Scheme of the three-pump (P1, P2 and P3) hydrothermal flow system used 
for the synthesis of sodium titanate nano-sheets. Key: P = pump, C = cooling, F = 
filter, B = back-pressure regulator, R = counter-current reactor, H = heater, T = ‘Tee’ 
piece mixer.  
5.2.2 Heat-treatment of sodium titanates 
Sample synthesized by 15 M NaOH was used for heat-treatment study to investigate 
its thermo-stability. A ~0.5 g of freeze-dried powders were placed on a platinum 
substrate and transferred in to a chamber furnace. Heat-treatment at 700 oC/ 5 h was 
carried out. Heating and cooling rates were set at 10 and 20 oC min-1, respectively. 
The heat-treated powders were ground using a mortar and pestle before using. 
5.2.3 Acid-wash of sodium titanates 
The starting material used in this study is the sodium titanate slurry (obtained at 15 M 
NaOH) which was freshly collected from the reactor. The slurry was carefully cleaned 
several times by DI water until the washing water showed pH=7. After being 
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thoroughly cleaned, the wet solids were transferred into a clean beaker (from 
centrifuge tubes), and then gradually added with 0.01 M of HCl solution (50 mL). The 
mixed slurry was then continuously stirred on a magnetic stirrer at room temperature 
(200 rpm/ 2 h). The initial pH of the slurry was measured as 3.5, whereas the pH of 
added HCl solution alone is 2. After 24 h acid-wash, the slurry was transferred into 
the centrifuge tubes and carefully washed in DI water. The water-wash procedure was 
repeated until the residual solutes were completely removed. 
5.2.4 Photocatalytic testing 
The setup of the reactor was described in Chapter 2 (Section 2.5.1). Photocatalytic 
activity of powders were evaluated using the following procedure (Thompson et al. 
2009): 38.4 mg of MB hydrate powder was accurately weighed and added to 2000.0 
mL of deionized water to give a 6.0×10-5 M standard solution. A calibration curve for 
MB solutions was established by dilution of the MB standard and measuring the 
corresponding absorbance at 665 nm (correlation coefficient of 0.997). A fresh sample 
of MB was prepared from which a 50.0 mL aliquot of standard MB solution was 
added to each glass reactor along with 0.010 g of the sodium titanate sample and same 
amount of Degussa P25. The mixtures were magnetically stirred for 60 min in the 
dark to allow adsorption-desorption equilibrium of the dye on the catalyst surface to 
be established. The photocatalytic reactors containing the catalyst were irradiated with 
the light source. At regular 15 min intervals up to 1 h, the light was switched off and 
the intensity of the 665 nm UV-Vis band absorbance was measured for the sample 
after first using the centrifugation procedure described earlier. The calculated 
photodecolourisation rates are presented in Figure 5.9. 
(a) 
5.3 Results and discussion 
Briefly, in the CHFS reaction, a flow of NaOH aqueous solution (auxiliary feed “P3” 
in Figure 5.1) met a flowing aqueous solution of 0.2 M TiBALD to form a suspension 
in situ; this basic slurry was continuously fed to meet a flow of superheated water at 
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450 oC and 24.1 MPa at the counter-current reactor point, whereupon rapid 
crystallization occurred. After cooling, a white slurry was produced at the exit of the 
back-pressure regulator (BPR) of the CHFS system. This slurry was centrifuged and 
the solids were washed with 2 x 45 mL aliquots of deionized (DI) water with shaking 
to remove any residual NaOH (this was when the pH of the washing water also 
reached pH = 7). The wet solids were freeze-dried to yield a white powder in ca. 92 % 
yield (based on dry powder mass, assuming a phase pure Na2Ti3O7 powder obtained), 
hereafter referred to as “as-prepared” powder. 
 
Energy-dispersive X-ray (EDX) analysis of the “as-prepared” sample confirmed the 
presence of titanium, sodium and oxygen. From ten independent measurements 
(calibrated EDX) the average contents of titanium and sodium are ~ 15.9 (± 0.34) and 
~ 10.6 (± 0.2) at.% (ratio of Ti/Na ~ 1.5). The specific BET surface area of the 
“as-prepared” product (N2 adsorption method) was 78 m2 g-1.  
 
Attempts were made to leach out the sodium ions from the “as-prepared” sodium 
titanate product. When an identical slurry from the CHFS process was also washed 
with DI water to neutral, and then immersed in a 0.01 M HCl (pH = 2) solution for 1 h 
at room temperature, most of the solids dissolved, which indicated that the 
nano-sheets were partially acid soluble under these conditions (Chen et al. 2002; 
Zhang et al. 2004). This was unexpected because this method has been used by others 
to leach Na+ ions partially from sodium titanates (see report by Wei et al. 2006). It 
may be that, because the sheets are so large yet thin, the removal of the Na+ resulted 
in complete collapse and dissolution. 
5.3.1 Phase identification 
The XRD pattern of the as-prepared powder is shown in Figure 5.2 and the plot is 
completely dominated by an intense (0 0 1) peak at 2θ = 9.0 ° with several minor 
peaks including those at 2θ = 17.9, 24.5, 28.5, 38.3, 48.1, and 61.7 °, which 
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correspond to (2 0 0), (0 1 1), (3 0 0), (3 1 0), (0 2 0), and (4 1 3) planes, respectively 
of Na2Ti3O7 [all line positions revealed a good match to the JCPDS pattern [72-0148] 
for Na2Ti3O7 (Song et al. 2007)]. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 XRD pattern of as-prepared phase pure Na2Ti3O7 nanopowder made in the 
continuous hydrothermal flow synthesis system using 15 M NaOH at 450 oC and 24 
MPa. 
 
The very intense (0 0 1) peak at 2θ = 9.0 ° in our data is reminiscent of a XRD plot for 
a highly orientated thin film/coating and is characteristic of layered nano-sheet 
titanates. The difference between the 2θ value for the (0 0 1) peak compared with 
other publication reports (2θ = ~9.8 °) can probably be attributed to the presence of 
interlayer -OH (Chen et al. 2002; Yang et al. 2003; Zhang et al. 2004) in the CHFS 
product which forces the layers slightly further away from each other than in the 
dehydrated form. The XRD data contrasts with published literatures on sodium 
titanates made via batch hydrothermal methods (taking from 15 h to 6 days) (Lee et al. 
2008; Qamar et al. 2008; Viriya-Empikul et al. 2008), in which broad peaks of 
roughly similar intensity are observed across a wide 2θ range. The crystallite size of 
Na2Ti3O7 was estimated to be ca. 410 nm from measured XRD peak half-widths for 
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the (0 0 1) peak by application of the Scherer equation (McGehee & Renault 1972), 
which is consistent with the size observed by HR-TEM (Figure 5.3). 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 X-ray diffraction patterns of samples made in the continuous hydrothermal 
flow synthesis system using different concentrations of NaOH (ranging 0 – 15 M) at 
450 oC and 24 MPa. 
 
The XRD diffraction patterns of samples obtained at reduced base concentrations 
were shown in Figure 5.3. The concentration ranging 15 M - 2 M was used to study 
the phase evolution. The patterns are more or less similar for concentration of 10 M 
base and above. The intensity of diffraction peak near 2θ ~ 9 o of samples prepared 
using 8 M NaOH is weak but noticeable, and shift towards higher angle value 
(compared to the 10 and 15 M peak) indicating a decrease in interlayer distance of 
this plane. This contraction of layers may be due to the release of interlayer sodium 
ions. The remaining diffraction peaks become broader and weaker expect that the 
intensity at 2θ = 17.9 o disappeared, suggesting a different morphology of the product. 
The EDX analyses confirmed the maintenance of atomic composition of samples 
prepared using NaOH concentration ranging 8 M – 15 M. On the basis of these 
observations, it may be inferred that the products obtained using 8 -15 M NaOH are 
very similar and a general formula is assigned as Na2Ti3O7. A similar diffraction 
 163
Chapter 5                                               Synthesis of 2D Sodium Titanate Nano-sheets 
pattern was observed for the samples made at 6 M and 4 M samples. By reducing the 
base concentration, more anatase phase is believed to be formed. As the peaks of these 
two samples are generally broad, it is unable to identify the phase composition 
without phase refinement. 
 
The as-prepared Na2Ti3O7 (made at 15 M) was heat-treated in air at 700 oC for 5 h. 
The XRD plot of the heat-treated material showed noticeable differences; a slight 2θ 
shift of the (0 0 1) peak to 10.2 ° (d-spacing 0.84 nm), which is in good agreement 
with other reports (Chen et al. 2002). Furthermore, the previously weak XRD peaks at 
high 2θ values were now relatively more intense (Figure 5.4); the data were also 
consistent with pure phase Na2Ti3O7 reported by others (Qamar et al. 2008; Wei et al. 
2006; Zhang et al. 2008). Hence the layered structure appears to undergo dehydration 
of interlayer -OH which also changes to the d-spacing for the (0 0 1) peak (Chen et al. 
2002; Yang et al. 2003; Zhang et al. 2004). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4 X-Ray diffraction pattern of Na2Ti3O7 nanopowder made in the continuous 
hydrothermal flow synthesis system using 15 M NaOH and a super heated eater feed 
at 450 oC and 24 MPa. The sample was then heat-treated at 700 oC / 5 h in a muffle 
furnace in air. 
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5.3.2 Morphology of nano-sheets 
The “as-prepared” powder (made at 15 M NaOH) was analyzed by electron 
microscopy. Figure 5.5 shows a scanning electron microscope (SEM) image of the 
“as-prepared” material which reveals extensive and flat (2D) loosely stacked very thin 
sheets. High Resolution Transmission Electron Microscope (HR-TEM) analysis of 
one of the nano-sheets which was ca. 400 × 400 nm in size shows that it was indeed 
crystalline [Figure 5.6 (a-c)].  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5 Scanning electron microscopy (SEM) image of as-prepared Na2Ti3O7 
nanopowder made in the continuous hydrothermal flow synthesis system using 15 M 
NaOH (Scale bar = 2 m). 
 
The HR-TEM also showed some curling of the edges which is possibly suggested 
from the SEM images (but this may also be due to heating in the TEM at 400 kV of 
X-ray beam). Closer inspection of the images [see inset Figure 5.6 (b)] reveals fringes 
due to interlayer spacings of ca. 0.72 (± 0.07) nm (internal calibration hence the 
relatively large error; 18 lattice spacings used), which is close to the intershell spacing 
(for nano-tubes) reported as 0.74 nm by Mogardo et al. (2006), but smaller than the 
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calculated d-spacing value (0.96 nm) based on the peak at 2θ = 9.0 o in XRD [Figure 
5.6 (b)]. The observation that interlayer spacings measured by TEM are smaller than 
those calculated from XRD measurements has also been noted by others (Chen et al. 
2007; Morgado et al. 2006). 
 
The mechanism of Na2Ti3O7 nano-sheets formation was proposed by Wu et al. (2006). 
During the hydrothermal reaction in CHFS reactor, more and more TiO2 particles 
were firstly crystallized and dissolved at strong basic condition in the form of TiO32-, 
TiO2(OH)22-, and other possible polytitanates TinO2n+m2m- will increase in the reactor. 
Solid Na2Ti3O7 nucleates and grows preferentially at the edge of the undissolved TiO2 
crystals. In a layered material, the chemical bonding between the adjacent layers is 
weaker than chemical bonding in the same layers. Thus, the growth rate of Na2Ti3O7 
along the (0 1 0) and (0 0 1) directions is faster than that along the (1 0 0) direction. 
Therefore, Na2Ti3O7 nano-sheets should grow into thin layers with (1 0 0) planes as 
the flat surface. 
 
 
(a) 
 
 
 
 
 
  (b) 
(c)  
 
 
10 nm 
 
Figure 5.6 (a) High resolution Transmission Electron Microscope (HR-TEM) image 
of as-prepared Na2Ti3O7 nano-sheet using 15 M NaOH. Inset (b) the lattice fringe 
corresponds to a d-spacing, and inset (c) the selected area diffraction pattern showing 
a highly crystallized product. 
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5.3.3 Raman characterisation 
Raman spectroscopy was used to further investigate the local structure of 
“as-prepared” and heat-treated samples of Na2Ti3O7. Raman spectra of the samples 
were recorded with a Renishaw InVia Raman microscope equipped with an 1800 line 
mm-1 grating and a LaserPhysics argon ion laser (514.5 nm). The spectral resolution 
of the instrument is 1 cm-1. Low temperature measurement was carried out with a 
Linkam THMS600 stage and temperature controller. The Raman spectra of the 
“as-prepared” nano-sheets at room temperature and -196 oC are shown in Figure 5.7, 
that at room temperature revealing broad bands at 148, 170, 276, 374, 439, 641, 709 
and 902 cm-1. The overall spectrum is similar to that of Na2Ti3O7 nano-tubes with 
only small band wavenumber differences (Hodos et al. 2004; Qamar et al. 2006; Sun 
& Li 2003) which could be due to differences between the Ti-O bond lengths in 
nano-tubes and nano-sheets.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7 Raman spectra of the “as-prepared” Na2Ti3O7 nano-sheets made in the 
continuous hydrothermal flow synthesis system using 15 M NaOH at 450 ºC and 24 
MPa, measured at room temperature (27 oC, red) and -196 oC (blue).  
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The bands at ~ 276 and ~ 439 cm-1 can be assigned to the Na-O-Ti stretching and 
framework Ti–O–Ti vibrations, respectively. Raman bands at 641 and 709 cm-1 are 
due to the Ti-O-Ti stretch in edge-shared TiO6. These band wavenumbers are 
consistent with those of other edge-shared TiO6 polyhedra-based networks such as 
Na2Ti2Si2O9 and Na2Ti6O13 (Su et al. 2000). The band at ~ 902 cm-1 is assigned to the 
symmetric stretch of short Ti-O bonds involving non-bridging oxygen atoms 
associated with sodium ions, characteristic of the parent bulk sodium compound 
Na2Ti3O7 (Hodos et al. 2004; Qamar et al. 2008). It is interesting to note that 
“as-prepared” nano-sheets and nano-tubes of Na2Ti3O7 show broader Raman bands 
than those of bulk Na2Ti3O7 (Papp et al. 2005). Similar broad bands are observed even 
in the low temperature spectrum of “as-prepared” large nano-sheets of Na2Ti3O7 
(Figure 5.7). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8 Raman spectrum of Na2Ti3O7 nano-sheets made in the continuous 
hydrothermal flow synthesis system using 15 M NaOH at 450 oC and 24 MPa and 
then heat-treated at 700 oC / 5 h in a muffle furnace in air. The spectrum is similar to 
that of “as-prepared” Na2Ti3O7 nano-sheets and confirms that heat-treated sample has 
the same structure as that of Na2Ti3O7 nano-sheets. 
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Furthermore, the broadening of bands in the Raman spectrum of nano-sheet Na2Ti3O7 
is greater than that of nano-anatase TiO2, whose TiO6 coordination geometry is 
closely similar to that of Na2Ti3O7. The broadening of Raman bands could be for 
either or both of two reasons: first, the effect of phonon confinement in nanomaterials, 
which essentially relaxes the zone-centre optical-phonon selection rule and allows 
phonons over the complete Brillouin zone to contribute to the band broadening and 
second, to highly distorted edge-shared TiO6 polyhedra which have a much wider 
range of Ti-O bond lengths and Ti-O-Ti bond angles than has bulk Na2Ti3O7 
(Andersson & Wadsley 1961). This effect is also observed in case of bulk Na2TiSi2O7 
(Su et al. 2000). The Raman spectrum of the sample after heat-treatment to 700 ºC is 
similar to that of the “as-prepared” sample, which indicates that no phase transition 
takes place in Na2Ti3O7 nano-sheets up to 700 ºC (Figure 5.8). In conclusion, the 
Raman spectral analysis is consistent with the XRD results.  
5.3.4 Photocatalytic test 
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Figure 5.9 The photocatalytic decolourisation rate of methylene blue dye for 
“as-prepared” Na2Ti3O7 powder using 15 M NaOH, Degussa P25 commercial 
photocatalyst, with light irradiation for the first 30 and 60 min, respectively.  
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As reported in literature, the sodium titanate materials may be applied in 
photocatalysis, the majority of which were focused on the nanotubes. Yu et al. (2006) 
reported that the sodium titanate nanotubes have a comparable activity with the 
commercial powder Degussa P25. Qamar et al. (2008) also carried out a systematic 
study to see the effect of different sodium contents on the photocatalytic activity of 
the material, and found increased activity on the high sodium content samples. 
However, there’s no literature concerning the photocatalytic activity of titanates 
nano-sheets. 
 
The “as-prepared” Na2Ti3O7 nano-sheets were assessed for their photocatalytic 
activity towards the decolourisation of a model pollutant, methylene blue (MB) dye, 
under a mixture of UV and visible light. Previous reports by the authors have shown 
that other nano-TiO2 (Zhang et al. 2009a) and N-doped nano-TiO2 (Zhang et al. 2009b) 
materials can be compared on this basis. The photocatalytic activity of the 
nano-sheets was compared with that of Degussa P25, a commercial photocatalyst 
(which is a mixture of anatase and rutile with a surface area of ca. 50 m2 g-1). The 
overall photocatalytic MB decolourisation rate of each sample was determined by 
application of Langmuir-Hinshelwood kinetics (Kumar et al. 2008) after 30 and 60 
min and the results are shown in Figure 5.9. The decolourisation rates for P25 and 
sodium titanates are 4.8 × 10-4 s-1 and 12.4 × 10-4 s-1 for the first 30 min of irradiation, 
respectively; and 4.4× 10-4 s-1 and 10.7 × 10-4 s-1 for the first hour. The highest rate of 
heat-treated TiO2 (at 300 oC in air) and N-doped TiO2 was reported in Chapter 4 and 
published papers (Zhang et al. 2009a & b) as 2.0 × 10-4 s-1 and 3.1 × 10-4 s-1, 
respectively, under the same testing condition for 4 h light irradiation. 
 
Our results dealing with the photocatalytic properties of nano-sheets are in good 
agreements with the results obtained by Zhang et al. (2004), in which, the 
photocatalytic activity of the Na2Ti3O7 (nanotubes) heat-treated at 500 oC was shown 
to be ca. 3 times higher than that of Degussa P25, being evaluated by propylene 
degradation using a UV light source. 
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The UV-Vis absorption spectra (Figure 5.10) of Na2Ti3O7 nano-sheets showed a 
strong and narrow absorption in the visible-light region, suggesting a band-gap of ca. 
3.43 eV, which is much greater than that (2.16 eV) for Na2Ti3O7 nano-rods obtained 
elsewhere from a batch reactor (Song et al. 2007). However, this result is almost in 
concurrence with that reported previously for Na2Ti3O7 nanowires by Wang et al. 
(2003), where the band-gap was calculated to be 3.49 eV. The superior photocatalytic 
activity may be attributed to the surface chemical states and special morphology of 
the sample. Due to the high alkaline synthesis routes, there are sufficient OH groups 
attained on the surface. The surface hydroxyl groups may directly participate in the 
reaction mechanism by trapping of photogenerated holes and produce very reactive 
surface OH•. This assumption is also proposed by Du et al. (2008), who tested 
numbers of rare earth oxide doped TiO2 towards degradation of MB dye and 
concluded that the degradation rate is mainly dependent on the quantity of a specific 
–OH group, rather than the type and amount of dopants involved. In addition, the 
sheets are very large and thin. In this case, by irradiation with light, the 
photogenerated holes will be quickly transferred onto the flat surface and produce a 
large number of reactive oxidants.  
 
The initial test of oxygen evaluation was carried out by one of the colleague at CMTG 
(UCL) in a Rank Bros oxygen electrode cell containing an aqueous solution of 0.1 M 
NaOH and 0.01 M sodium persulphate. In this test, the samples have been 
screen-printed onto Ti foil squares 25 mm wide and coated on the reverse with Pt by 
sputter-coating. Oxygen is removed from the system by bubbling N2 through the 
solution. The sample is then placed in the cell, the cell is closed and UV light 
irradiated onto the samples. The preliminary data suggests that the sodium titanate 
nano-sheets (in particular, the one made at 12 M NaOH) exhibit a promising 
photocatalytic oxygen evaluation behavior, even faster than Degussa P25 in the first 
30 min.  
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Figure 5.10 UV-Vis absorption spectrum of “as-prepared” Na2Ti3O7 nano-sheets 
made in the continuous hydrothermal flow synthesis system using 15 M NaOH at 450 
oC and 24 MPa. 
5.4 Conclusions 
In summary, we have demonstrated a novel and rapid and continuous hydrothermal 
route to the synthesis of extensive and ultra-thin 2D sodium titanate (Na2Ti3O7) 
nano-sheets using a superheated water flow at 450 oC and 24.1 MPa as a crystallizing 
medium. As a result of the process being continuous, reaction times were reduced 
substantially (to a matter of minutes) which allowed the preservation and isolation of 
extremely large uncurled nano-sheets. High resolution electron microscopy of the 
sheets revealed that the sheets were highly crystalline despite their very short time 
under hydrothermal conditions. The study of heat-treatment product (700 oC / 5 h) 
indicated that the sample is relatively thermal stable. Different experimental evidences 
revealed that the products of Na2Ti3O7 phase can be achieved by adding no less than 
10 M of NaOH solution into the system. The sheets possessed excellent photocatalytic 
activity for decolourisation of methylene blue dye. This is only an initial experiment 
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of producing and testing the nano-sheets. More detailed characterization (including 
peak refinement, variable temperature-XRD, etc.) along with other photocatalytic 
testing methods (such as water splitting, oxygen evaluation, etc.) will continue to be 
carried out by other colleagues in our group at UCL. 
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Chapter 6 Synthesis and Characterization of Cerium Titanates 
Composites 
6.1 Introduction 
TiO2 is the most photocatalysis material. However, only little solar energy can be used 
(< 4%) due to the wide band-gap (3.2 eV for anatase), resulting in very low quantum 
efficiency. In order to enhance the activity, doping with metal elements (Choi et al. 
1994) or nitrogen (Zhang et al. 2009b) is the most common approach. Another 
approach is doping of another metal or metal oxide into the original lattice, in order to 
facilitate the formation of mixed oxides. The mixing of two different oxides offers not 
only the improvement of the performance of the involved metal oxide but also the 
formation of different optical properties from the individual components. Two 
semiconductors possess different energy levels for their conduction and valence bands 
to achieve a more efficient charge separation and an enhanced interfacial charge 
transfer to adsorbed species (Ni et al. 2007). When a large band-gap semiconductor is 
coupled with a small band-gap semiconductor with a more negative conduction band 
level, electrons can be injected from the small band-gap semiconductor to the large 
one. Rare-earth oxide is the most commonly used candidate. CeO2 is an important 
rare-earth oxide material used as a photosensitive material (Liu et al. 2005; Morimoto 
et al. 1999; Nakagawa et al. 2007), and has a smaller band-gap (2.97 eV vs. 3.2 eV for 
anatase). Previous literatures have reported that, as photocatalysts, TiO2-CeO2 
composite materials are able to separate the electron/hole (e-/h+) pairs and improve the 
photocatalytic activity (Liu et al. 2005; Galindo et al. 2008; Pavasupree et al. 2005). 
 
Some researches have been carried out on the preparing and testing the TiO2-CeO2 
photocatalysts. Pavasupree et al. (2005) used a surfactant-assisted process to prepare 
TiO2-CeO2 nanopowders, and the photocatalytic activity (by evaluating the formation 
rate of I3- ions) of the mixed metal oxides under visible-light is 2-3 times higher than 
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pure CeO2, and the pure nano-TiO2 (they had no catalytic activity under visible-light). 
Liu et al. (2005) fabricated TiO2-CeO2 films by reactive magnetron sputtering. It was 
found that the uniform TiO2-CeO2 films consist of TiO2 and CeO2 phases along with a 
minor CeO1.6TiO2 phase. The photocatalytic activity results showed that TiO2-CeO2 
was a visible-light active photocatalyst. Furthermore, the mixed metal oxides had 
better activity than pure TiO2 under UV illumination (Liu et al. 2005). Yang et al. 
(2007) synthesized TiO2-CeO2 photocatalysts with different Ti/Ce ratio, and 
concluded that all the CeO2/TiO2 nanocomposites showed higher photocatalytic 
activity than pure TiO2, and the photodegradation rate was increased by the adjusting 
the Ce/Ti molar ratio, with the best being Ce:Ti ratio of 5:5. 
 
There are many methods to fabricate CeO2-TiO2 mixed oxides, however, majority of 
those reported to date are by sol-gel methods (Fang et al. 2007; Pavasupree et al. 2005; 
Reddy et al. 2003; Rynkovski et al. 2000; Verma et al. 2006; Yu & Zhang 2008), 
which involves organic solvents and post heat-treatment processes. Other methods 
such as ball-milling (Kim et al. 2002) and reactive magnetron sputtering (Liu et al. 
2005; Purans et al. 2001) involve high input energy or are carried out under protective 
gas flow. Continuous Hydrothermal Flow Synthesis (CHFS) methods are increasingly 
being applied in the direct manufacture of nanoceramics. By varying the operation 
conditions, particle properties and produce complex nanomaterials can be controlled 
under relatively mild temperatures. Further, CHFS method is also believed to be able 
to synthesise high loadings of doped materials or metal oxide solid solutions. It was 
reported that Ce1-xZrxO2 solid solutions could be produced from mixtures of water 
soluble Ce and Zr salts solution in supercritical water, in the appropriate ratios 
(Cabanas et al. 2000; Cabanas et al. 2001). In this study, the preparation of Ce1-xTixO2 
nanopowders for the whole range of metal compositions (x= 0 – 1) was attempted 
using this method. The value of x is determined by the relative concentrations of Ce 
and Ti precursor solution. Samples were denoted as CT1 – CT9 for x = 0.1 – 0.9, 
respectively. The structure and photocatalytic activity by changing the composition 
were studied in detail. 
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6.2 Synthesis methods 
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Figure 6.1 Schematic representation of the three-pump (P1, P2 and P3) continuous 
hydrothermal flow synthesis system that was used to prepare pure CeO2, TiO2, and 
CeO2-TiO2 nanocomposites. Key: P = pump, C = cooling, H = heater, F = filter, B = 
back-pressure regulator, and R = reactor. 
 
All CeO2-TiO2 nanopowders used for characterization and test were made using a 
Continuous Hydrothermal Flow Synthesis (CHFS) reactor, the schematic 
representation of which is shown in Figure 6.1. For the synthesis of Ce1-xTixO2 (x = 0 
– 1, at a 0.1 intervals), an aqueous solutions of TiBALD (0.4 M, 20 mL TiBALD in 
100 mL water) and cerium (IV) ammonium nitrate (0.4 M, 43.46 g in 200 mL DI 
water) was made separately. The mole ratios of the compounds were achieved by 
mixing two solutions at certain volume using a pipette (Eppendorf, UK). So the total 
concentration was kept at 0.4 M. The solution mixtures were pumped, respectively, to 
meet a flow of room temperature water at a tee junction (“T” in Figure 6.1) and this 
mixture then met superheated water at the mixing point, whereupon rapid 
precipitation of crystalline CeO2-TiO2 occurred. The aqueous suspension was cooled 
via a water jacket cooler (“C”) of length ca.100 cm passed through the filter, and the 
slurry was collected at the exit of the back-pressure regulator. The supercritical water 
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feed was used at 400 ºC and 24.1 MPa (3500 psi), whilst the other feeds were at room 
temperature initially. HPLC pump rates of 20, 10 and 10 mL min-1 were used for 
superheated water (from P1, Figure 6.1), precursor solution (P2) and the cold water 
feed (P3), respectively. Samples were denoted as CT1 – CT9, representing 10 – 90 
mol% of TiO2 in the CeO2-TiO2 composite. 
6.3 Results and discussion 
6.3.1 Synthesis and phase characterization 
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Figure 6.2 X-ray diffraction (XRD) patterns of the CeO2-TiO2 (CT1 – CT9) and pure 
TiO2 and CeO2, all samples were obtained by CHFS system at 400 oC and 24.1 MPa 
using supercritical water. 
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In this work, solutions of cerium ammonium nitrate and TiBALD as the metal ion 
feeds were used in the CHFS system. The solutions were prepared to produce a 
desired Ce:Ti ratio (in mol%), in the sample from 100:0 increasing in increments 
of 10 with respect to the Ti4+ molar ratio. By controlling the Ce:Ti ratios in the 
starting solutions, it was possible to affect the dopant loading levels in the 
resulting materials or mixtures. The “as crystallized” nanosized CeO2, TiO2 and 
CeO2-TiO2 composites made in the CHFS system were obtained. Products were 
washed and freeze dried to give the final powders in a reasonably high yield, ca. 
85%. Dry TiO2 was obtained as off white powder, whist pure CeO2 was light 
yellow. The composites were all in yellow colours with different darkness. There’s 
no noticeable trend for the colour change as the amount of Ce-content in the 
sample increased. 
 
XRD spectra of powders were shown in Figure 6.2, and were directly compared with 
the Joint Committee on Powder Diffraction Standard (JCPDS) database. Pure CeO2 
sample shows fluorite structure (JCPDS 34-0394) at 2 θ = 28.7 o, 33.1o, 47.6 o, and 
56.4 o. The samples with the TiO2 content up to 50% (CT1 – CT5) yield a single cubic 
fluorite CeO2 structure, indicating a lattice substitution of Ti into CeO2 (solid 
solution). The diffraction peaks belonging to TiO2 anatase in CeO2-TiO2 become 
broader and weaker with the increasing CeO2 concentration (CT9 – CT6), indicating 
less crystallinity of TiO2 anatase in the presence of Ce. When the ratio of Ti-content 
reaches 80 mol% (CT8), the very weak scattering CeO2 and TiO2 peaks are observed. 
The surface area of this sample reaches the highest value of 307 m2 g-1, from 245 m2 
g-1 of CT7 (Table 6.2). 
 
Using the (1 0 1) diffraction peak of TiO2 anatase (pure TiO2 and sample CT6 – CT9) 
and the (1 1 1) diffraction peak of cubic CeO2 (pure CeO2 and sample CT1 – CT5) in 
the XRD data, the crystal size of the products was evaluated using the Scherer 
equation (McGehee & Renault 1972). For the CeO2, the average crystal size of CeO2 
and some Ce-rich particles (CT1 – CT6) maintains at 8.40 nm (± 0.06 nm). With 
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further increase of Ti content in CeO2-TiO2, the crystallite size of CeO2 becomes 
smaller, from 8.35 nm (for CT6) to 4.1 nm (for CT8). There is no relevant of TiO2 
diffraction peaks are observed in the spectra of CT1 – CT5. Similar solid solutions 
were also obtained by Yang and co-workers (2007), who made CeO2-TiO2 composites 
using sol-gel method, and CeO2 single phase was observed on samples with up to 25 
mol% of TiO2. Results indicate that, in the mixture of Ti and Ce-salts, Ti and Ce ions 
reach the atomic distribution. The high intimacy of mixing achieves between the 
respective metal hydroxides form the solid solution in CHFS system. In addition, at 
high temperature, by adding Ce, TiO2 could be more dispersive and restrained in the 
crystal growth Therefore, TiO2 peaks in XRD become much wider and weaker, and 
TiO2 particles become smaller. This can be reflected by the BET surface area 
measurement (Table 6.2). 
 
The lattice parameters of pure TiO2 and sample CT6 – CT9 nanocomposites were 
calculated using the following equations: 
( ) / 2sinhkld                                               Equation 6.1 
2 2 2 2 2
( )1/ ( ) / /hkld h k a l   2c                                  Equation 6.2 
where h, k, and l are all Miller’s indices, and d(hkl) is the interplane spacing. The 
calculated lattice parameters were listed in Table 6.1. It is shown that, by increasingly 
doping with Ce, the lattice parameter increase along a and b (a = b in this case) axes 
while the c-axis parameter decreases. These are attributed to the introduction of larger 
Ce4+ into the TiO2 lattice (0.97 Å of Ce4+ vs. 0.53 Å of Ti4+). The existence of Ce has 
a major influence on the crystal structure of TiO2 powders doped with up to 40 mol% 
of CeO2. 
 
The Equations 6.1 and 6.2 were applied to calculate the lattice parameters of pure 
CeO2, using peaks at 2θ = 28.7 o, 33.1 o, 47.6 o, and 56.4 o corresponding to the 
reflections from (1 1 1), (2 0 0), (2 2 0), and (3 1 1). The lattice parameter a is 
calculated as 0.542 nm, which is consistent with the value reported by Tatar et al. 
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(2008). d(hkl) spacing value is calculated as 0.3132 nm (at 2θ = 28.7 o), 0.2705 nm (at 
2θ = 33.1 o), 0.1912 nm (at 2θ = 47.6 o), and 0.1631 nm (at 2θ = 56.4 o). 
 
Table 6.1 Lattice parameters of pure TiO2 and high Ti-content nanocomposites (CT6 
– CT9). 
Sample a (= b) / Å c / Å 
TiO2 3.7845 9.6866 
CT9 3.7883 9.6014 
CT8 3.7889 9.5620 
CT7 3.7923 9.5217 
CT6 3.7937 9.4882 
 
 
 
 
 
 
 
Table 6.2 shows the trends in BET surface areas for the CeO2-TiO2 
nanocompositres. The specific surface area varies from 175 m2 g-1 for pure CeO2 to 
289 m2 g-1 for pure TiO2. Samples CT8 and CT9 had higher surface areas of 307 
and 297 m2 g-1, respectively. This suggests that perhaps Ti-substitution postponed 
growth of particles in solution. This can be confirmed by the XRD crystallite size 
calculation by applying the Scherer equation. The surface area becomes relatively 
stable for samples of phase pure CeO2 and high Ce-content samples (CT1 - CT5) at 
ca. 180 m2 g-1, where only CeO2 peaks appear in the XRD.   
6.3.2 Raman spectroscopy 
Raman spectroscopy is a promising technique for the elucidation of structures of 
nanoparticles. Raman spectra of all the samples employing the 514.5 nm laser as the 
excitation source at room temperature are shown in Figure 6.3. In general, the Raman 
spectrum of CeO2 nanoparticles is characterised by a strong Eg vibration at 461 cm-1 
showing a typical symmetric vibration of CaF2 structure, due to the F2g Raman active 
mode of fluorite structure (Liu et al. 2005; Martinez-Arias et al. 2000; Yue & Zhang 
2008). The cubic CeO2 has six optical-phonon branches, but only the vibrational 
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mode at ~ 460 cm-1 viewed as a symmetric vibration of the oxygen ions around Ce 
ions can be directly detected (Weber et al. 1993). The Raman spectra of the TiO2 
sample reveal a typical spectra of TiO2-anatase (Zhang et al. 2009 a). The Raman 
bands corresponding to the anatase phase appear at 150 (3Eg), 197 (3Eg), 399 (2B1g), 
519 (2B1g), and 639 (3Eg) cm-1. In respect of the Raman spectra of CeO2-TiO2 
nanocomposites, there’s no significant shift of Raman characteristic peaks, which 
implies the match of crystal lattice between two phases in the interface, also relatively 
similar size distribution in all the products. 
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Figure 6.3 Raman spectra of CeO2-TiO2 nanocomposites (CT1 – CT9) prepared using 
CHFS system at 400 oC, and 24.1 MPa. 
 
Similar to above XRD results, the CeO2-TiO2 solid solution does not show the 
Ramanband of cubic CeO2 when the Ce ratio is up to 10 mol% (sample CT9). The 
Raman band of cubic CeO2 appears in the nanocomposites with a Ce ratio of 20 mol% 
and then grows with the further increase of Ce percentage. Similarly, the anatase 
Raman band can be clearly observed on the CT2 sample at ~ 150 cm-1, where 20 
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mol% Ti was added. The peak intensity of this band is generally increased with the Ti 
content.  
6.3.3 HR-TEM analysis 
A High Resolution-Transmission Electron Microscopy (HR-TEM) with an accelerate 
energy of 400 kV was performed at University of Oxford. Figure 6.4 (a) and (b) 
shows a representative TEM image of CT1 and CT4 solid solutions, respectively. The 
CT1 (contains 10 mol% of TiO2) particles show relatively well defined polygonal 
structure and the formation of moderate agglomeration with a particle size of 3.7 to 
7.1 nm (5.7 nm in average, Figure 6.4 a). However, the CT4 particles (doped with 40 
mol% of TiO2) appear heavily agglomerated and less crystallized, with the particle 
size ranging 3.0 – 9.3 nm (6.2 nm in average, Figure 6.4 b). The less defined structure 
is coincided with the weaker XRD patterns. The particle size of both powders is 
slightly bigger than the pure TiO2 sample synthesized at the same condition by CHFS, 
which was observed as 4.8 nm (Zhang et al. 2009a). The observation size value is 
smaller than the XRD calculation value (ca. 6 nm vs. 8.3 nm). 
 
d-spacing at (111) lattice phase of CT1 sample is 0.328 nm, close but slightly bigger 
than the reported value for pure CeO2 in literature (d-spacing of 0.323 nm, Wang et al. 
2007), but significantly bigger than the calculated value (0.3132 nm). Also this value 
is much smaller than the lattice spacing of TiO2 anatase at (101) of 0.355 nm reported 
in literature (Zhang et al. 2009a), indicating the lattice spacing observed in the 
HR-TEM image belongs to CeO2. The d-spacing of CT4 sample is ca. 0.330 nm. 
However, the accuracy of this measurement method is ca. ± 5%, it can not conclude 
that the spacing value is almost the same as the CT1 sample, suggesting that increase 
of the TiO2 doping level (from 10 mol% to 40 mol%) does not change the lattice 
parameter. This observation can be further confirmed by the XRD pattern, where no 
obvious CeO2 (111) peak shift on all cerium titanate composites. 
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Figure 6.4 High Resolution Transmission Electron Microscopy (HR-TEM) images of 
sample CT1 (a) and CT4 (b), prepared in CHFS system at 400 oC and 24.1 MPa. 
Images were taken at 500 K magnification. 
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6.3.4 Energy Dispersive X-ray (EDX) spectroscopy 
Table 6.2 The Ti at.% of the pure CeO2, TiO2, and CeO2-TiO2 nanocomposites from 
both EDX and XPS analysis, the ratio of the u’’’ intensity to the intensity of total Ce 
3d peaks to illustrate the shift in the amount of Ce4+ in at.%, surface areas (SA), 
band-gap (BG) energy, and crystallite size (CS) calculated based on CeO2 (1 1 1) and 
TiO2 (1 0 1) peaks, respectively, for all samples. 
Sample Theoretical 
Ti/(Ti+Ce) 
% 
EDX 
Ti/(Ti+Ce) 
% 
XPS 
Ti/(Ti+Ce) 
% 
Ce4+ 
(u’’’) 
% 
SA 
m2 g-1 
BG 
eV 
CS 
(Ce) 
nm 
CS 
(Ti) 
nm 
CeO2 0 0 0 9.60 175 3.12 8.35  
CT1 10 8.2 8.6 9.42 177 2.98 8.39  
CT2 20 18.9 18.5 9.15 182 2.95 8.42  
CT3 30 27.5 33.5 8.06 179 2.84 8.35  
CT4 40 35.5 38.5 7.64 174 2.87 8.37  
CT5 50 47.9 54.7 7.24 197 2.74 8.41  
CT6 60 62.2 66.6 5.41 230 2.71 8.48  
CT7 70 74.6 75.0 5.27 245 2.68 8.40 3.6 
CT8 80 78.6 84.7 - 307 2.75  4.1 
CT9 90 94.0 88.3 - 297 2.84  4.3 
TiO2 100 100 100 - 289 3.25  4.5 
 
Energy Dispersive X-ray (EDX) spectroscopy coupled with scanning electron 
microscopy (SEM) was conducted on a JEOL-5410LV SEM instrument, equipped 
with an Oxford Instruments Inca 400 EDX unit operating at 25 kV and 15 mm 
working distance. Averages of 10 area scans (1 × 1 μm areas) were used to calculate 
average elemental compositions. The EDX analyses for all CeO2-TiO2 samples show 
that both Ce and Ti elements were detected in each observed region on the catalyst, 
and no Ce-only or Ti-only regions existed, which revealed a good mixture and 
dispersion of CeO2 and TiO2. The standard deviation for each measurements ranges ca. 
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0.5 – 1.2 at.%. The Ti and Ce atomic percentage for all samples is listed in Table 6.2, 
suggesting the mixtures produced by CHFS were close to the theoretical 
compositions. 
6.3.5 X-ray Photoelectron Spectroscopy (XPS) analysis 
XPS analysis was performed to get a better understanding the chemical state of all 
elements on the catalyst surface. Three spectral regions of all samples were examined: 
the Ti 2p region near 460 eV (448 – 472 eV), the O 1s region near 530 eV (525 – 539 
eV), and Ce 3d region around 900 eV (890 – 940 eV). Figure 6.5 presents Ti 2p XPS 
spectra concerning double peaks (Ti 2p1/2 and Ti 2p3/2). The binding energy of Ti 2p3/2 
and Ti 2p1/2 at ca. 456.2 - 456.5 eV and ca. 462.5 eV could be attributed to Ti4+ in the 
CeO2-TiO2 composites (Yang et al. 2007). It indicates that with the doping of CeO2, 
the Ti 2p binding energies do not change too much (± 0.2 eV). The Ti 2p binding 
energy of Ti3+ is 1.8 eV lower than Ti4+ (Jun et al. 2007) that can no be observed in 
the XPS spectra of the CeO2-TiO2 composites. Though Ti4+ can transform into Ti3+ by 
creation of oxygen vacancies or trapping of electrons (Qiu et al. 2006; Tatar et al. 
2008), it seems that the CeO2 doping does not affect the peak position of Ti 2p much 
from the Figure 6.5. 
 
Ce 3d XPS spectra of CeO2 and all CeO2-TiO2 composites are shown in Figure 6.7. 
Ce 3d spectra are complicated, and the series of core-level spectra exhibit three-lobed 
peaks. From these peaks, Ce4+ oxidation state is predominant, and a Ce3+ oxidation 
state is distinguishable in the Ce3+ spectra. Figure 6.6 shows the Ce 3d3/2, and Ce 3d5/2 
spectra obtained from pure CeO2 prepared in CHFS. There are 10 fitted peaks that can 
be resolved from the reduced Ce 3d peaks (Romeo et al. 1993), five of which belongs 
to Ce3d5/2 (v-serial peaks) and the other five peaks are ascribed to the Ce 3d3/2 
(u-serial peaks). The peak of v and v’’ is assigned to a mixing configuration of 3d94f2 
(O 2P4) and 3d94f1 (O 2P5) Ce4+ state, and the v’’’ is correspondent to 3d94f0 (O 2P6) 
Ce4+ state. The peak of v’ is attributed to 3d94f1 (O 2P6) Ce3+ final state. The series of 
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u structure can be explained in the similar way (Rynkowski et al. 2000; Yang et al. 
2007). The XPS investigation indicates that the Ce3+ and Ce4+ species can be 
corresponding to various states: Ce3+ = vo+uo+v’+u’ and Ce4+ = v+v’’+v’’’+u+u’’+u’’’ 
(Beche et al. 2007). 
 
It is very hard to detect v’ and u’ feature peaks to detect in the pure CeO2, due to the 
extremely weak intensity of two peaks. With the addition of Ti, the peaks of Ce 3d for 
CeO2-TiO2 change slightly, there’s a decrease in the intensity in structure of v’’’ and 
u’’’ peaks, a decrease in the intensity of v and u peaks, and an increase in the intensity 
of v’ and u’ peaks in structure. This indicates the existence of Ce3+ on the surface. For 
pure CeO2 and CeO2-TiO2 nanocomposites, the binding energy for u’ is about 902.8 ± 
0.2 eV, and for v’ peak it is around 884.6 ± 0.2 eV, which are shown in Figure 6.7. 
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Figure 6.5 The Ti 2p peak at ca. 456.2 and 462 eV of selected CeO2-TiO2 (CT1, CT3, 
CT5, CT7, and CT9) and pure TiO2 powders, prepared using CHFS which uses a 
supercritical water feed at 400 oC and 24.1 MPa. 
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Figure 6.6 XPS spectra of Ce 3d for pure CeO2 synthesised using CHFS system 
which uses supercritical water at 400 oC and 24.1 MPa. 
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Figure 6.7 XPS spectra of Ce 3d for all CeO2-TiO2 samples (CT1 – CT9) synthesized 
using CHFS reactor which use supercritical water at 400 oC and 24.1 MPa. 
 
v v’’ v’’’
u 
u’’ u’’’
CT5 
CT4 
CT3 
CT2 
CT1 
Binding Energy/ eV 
 187
 Chapter 6                                                  Synthesis of CeO2-TiO2 nanocomposites 
Because the vo and uo is difficult to resolve from v and u because their binding energy 
separation is small, the complete quantitative analysis of Ce4+/Ce3+ ratio is very hard. 
However, Shyu et al. (1988) has found that the Ce4+/Ce3+ ratio depends on the ratio of 
intensity of u’’’ peak to the total intensity of Ce 3d. Thus, utilising Ce 3d u’’’ 
percentage to illustrate the Ce4+ valence change might be a useful method. Rynkowski 
et al. (2000) also used this method to illustrate the Ce4+/Ce3+ ratio change. Table 6.2 
shows the result of the quantitative analysis with XPS analysis. As shown in Table 6.2, 
for CeO2 the ratio of the intensity of u’’’ peak to the total intensity of Ce 3d is ca. 
9.4%, larger than that of CeO2-TiO2. With the increase of Ti content, the ratio 
gradually decreases from 9.4 to 5.3 mol%. This means that the Ce3+ content increases 
with increasing Ti amount in the CeO2-TiO2 nanocomposites. The atomic ratio of 
Ti/(Ce+Ti) is also listed in Table 6.2. The surface concentration of Ti is comparable 
but generally larger than that detected by EDX metal analysis technique. 
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Figure 6.8 The Ti 2p peak at ca. 527.5 and 530 eV of selected CeO2-TiO2 (CT1, CT3 
– CT6), prepared using CHFS system which uses supercritical water at 400 oC and 
24.1 MPa. 
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In Figure 6.7, Ce3+ is present and its content increase with the increase of Ti content 
on the surface of CeO2-TiO2. This could result O 1s chemical state change on the 
surface. The spectra of O 1s patterns are shown in Figure 6.8. It can be seen that O 1s 
XPS spectra exhibit single-lobed peaks, and the peaks are asymmetric (the right sides 
are wider than the left), suggesting that the different types of oxygen exist on the 
surface. The O 1s peaks could be fitted into two peaks: lattice oxygen and the oxygen 
of surface hydroxyl groups. The O 1s peaks at about 527.0 - 528.0 eV were not 
observed previously on the nano-TiO2. This peak has less energy than 529.0 eV (value 
reported in literature, Yang et al. 2007). Since the O 1s peak 529.0 eV corresponds to 
the lattice oxygen, then peak of 527.8 eV should also be attributed to lattice oxygen 
for CeO2-TiO2. 
 
Another component at about 530.0 eV probably belongs to the chemisorbed hydroxyl 
group. As shown in Figure 6.8, the absorbed hydroxyl groups are present, but lattice 
oxygen is much higher than -OH on the catalyst surface. As shown in Table 6.2, for 
high CeO2 composition samples (CT1 – CT3), the peaks at ca. 530 eV are less intense 
than for lower Ce content composites (CT4 – CT6). The content of chemisorbed 
hydroxyl group slightly increased for higher Ti content CeO2-TiO2. With the existence 
of Ce3+ in CeO2-TiO2, this could create a charge imbalance, the vacancies or 
unsaturated chemical bonds, making the more chemisorbed hydroxyl groups exist on 
the surface. The increase of Ce3+ content favours the existence of the chemisorbed 
oxygen on the surface. Such a hypothesis was in good agreement with the XPS 
observation. The chemisorbed hydroxyl group on the catalyst surface is a very active 
specie, and incorporate the photogenerated holes (h+) to transform into OH• free 
radical, which plays an important role in photocatalytic oxidation. 
6.3.6 Photocatalytic activity 
Photocatalytic activity of the pure TiO2, CeO2, as well as CeO2-TiO2 nanocomposites 
was assessed on the basis of the decomposition rate of methylene blue (MB) dye 
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under the visible-light irradiation for up to 4 h (detail information of the light source 
was reported in Chapter 2). In order to determine whether the model dye was resistant 
to degradation under direct light irradiation, an addition 4 h experiment was 
performed in the absence of any photocatalyst (as a control). It was found that ca. 
25% of MB was lost due to self-photosensitization as reported previously (Zhang et al. 
2009a & b). Despite this, MB is useful to allow direct comparisons among the 
different photocatalysts reported herein.  
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Figure 6.9 The photocatalytic decolourisation rate of methylene blue dye for pure 
CeO2 and TiO2 as well as CeO2-TiO2 nanocomposites (CT1 – CT9) under visible-light 
irradiation for 4 h. 
 
The photocatalytic reactors containing catalysts were irradiated with visible-light after 
60 min stirring in the dark to allow the dye adsorption to reach equilibrium onto the 
catalyst’s surface. Thereafter, at 60 min intervals (during irradiation), the light was 
switched off and the intensity of the 665 nm UV-Vis band absorbance was quickly 
measured for each sample after first using a short centrifugation step (5100 rpm, 5min) 
to remove any solids. All samples were returned after measurement prior to further 
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irradiation. The overall photocatalytic decolourisation rate (during irradiation) of the 
MB dye for each sample at different composition was plotted. The decolourisation of 
MB in the presence of CeO2-TiO2 catalyst has been reported elsewhere to follow 
first-order reaction kinetics, the rates being calculated using the 
Langmuir-Hinshelwood equation (Wu & Chern 2006; Xu et al. 1999). A similar 
approach to our data showed that a correlation coefficient (R2) for all the rate constant 
calculations was greater than 0.97. 
 
Figure 6.9 shows the photocatalytic activities of pure CeO2 and TiO2 as well as 
CeO2-TiO2 composites. The pure TiO2 has low catalytic activity because of the low 
absorption in visible light (λ > 400 nm). The optical band-gap energy of pure CeO2 
was calculated as 3.12 eV, close to the values reported in literatures (ranging 2.85 – 
3.25 eV) and value of bulk size CeO2 (2.94 eV) (Galindo et al. 2008; Liu et al. 2005; 
Miao et al. 2005). The slightly blue shift effect observed in the nanocrystalline CeO2 
(compared to the bulk material) is due to quantum confinement (Barreca et al. 2003). 
However, all the CeO2-TiO2 composites (CT1 – CT9) show significant red-shift 
observed (ranges 2.68 – 2.98 eV), in particular for sample CT6 and CT7 (2.71 and 
2.68 eV). The band-gap narrowing effect can be explained by the formation of 
localized states within the band-gap due to the oxygen vacancies and increased Ce3+ 
ion concentration. This can also be confirmed by the XPS analysis. Band-gap of all 
the samples was listed in Table 6.2. 
 
After 4 h photocatalytic activity test, three samples (CT5, CT6, and CT7) show the 
promising MB photodecolourisation rate, and sample CT7 in particular exhibits the 
highest rate. This can be attributed to the significant red-light-shift-absorption of these 
samples (Liu et al. 2005). It was confirmed that CeO2 addition can enhance the 
photocatalytic activity of pure TiO2. CeO2 can trap photogenerated electrons, forming 
the reduced state Ce3+, the reaction is proposed by Yang et al. (2007): 
4Ce e Ce   3                                          Equation 6.3 
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As Ce4+ remove the ejecting electrons, the surface -OH can absorb photogenerated 
holes (h+) and form OH• free radicals. Thus, Ce4+ plays an important role in 
photocatalytic oxidation reaction. The significant amount of surface hydroxyl groups 
(especially for sample CT5 – CT7) was examined by XPS (Figure 6.8). In addition, 
Ce3+ can also be re-oxidized in air: 
3
2Ce O Ce O
   4 2                                       Equation 6.4 
The resultant O•2 has a very high oxidizing powder. The highest degradation degree of 
CT7 sample is due to the considerable Ce3+/Ce4+ oxidation state exist on the surface 
of samples (Yang et al. 2007), which can be confirmed from XPS analysis. The ratio 
of Ce3+/Ce4+ increases with increasing amount of TiO2. It effectively prevents 
electron-hole recombination. The role of Ce3+ content affect the photocatalytic 
activity has also been reported by Galindo et al. (2008), who used nanocrystalline 
TiO2-CeO2 sol-gel catalysts to degrade herbicide 2,4-dichlorophenoxyacetic acid. 
Thus, the degradation rate of CT7 composite (containing 70 mol% of TiO2), which 
process maximum quantity of Ce3+/Ce4+, is the highest after 4 h light irradiation. The 
highest rate of this sample may be associated with the reasonably high surface area 
(Table 6.2) and large amount of surface hydroxyl groups (Figure 6.9) in all samples. 
In general, suitable band-gap position, the high surface area, more surface hydroxyl 
groups and Ce3+/Ce4+can promote a photocatalytic reaction on the particle surface. 
6.4 Conclusions 
CeO2-TiO2 nanocomposites responding to visible light were synthesized using a 
continuous hydrothermal flow synthesis (CHFS) reactor, which uses superheated 
water at 400 oC and 24.1 MPa as a crystallizing medium. The nanocomposites were 
prepared from an aqueous solution of titanium (IV) bis(ammonium lactate) 
dihydroxide and cerium (IV) ammonium nitrate. The TiO2-CeO2 system with up to 50 
mol% TiO2 doping level yielded single fluorite CeO2 phase, suggesting using CHFS is 
a promising way to synthesize metal oxide solid solutions. However, further addition 
of TiO2 forms anatase TiO2 structure. Particle size of selected nanocomposites (CT1 
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and CT4) was determined by direct observation of high resolution-TEM, giving a 
typical particle size of ca. 5 – 6 nm (surface area of ca. 180 m2 g-1) for sample CT1 – 
CT5. XPS analysis suggests that the Ce3+/Ce4+ ratio increases with the Ti-content. By 
mixing with cerium oxides, TiO2 can be modified to increase absorption in the 
visible-light region. The CeO2-TiO2 mixed oxides had higher photocatalytic activity 
in visible-light (assessed by decolourisation of methylene blue dye solution), which is 
higher than pure CeO2. Nanocomposite CT7 (70 mol% TiO2- 30 mol% CeO2) shows 
the best photocatalytic activity over the 4 h time-frame of the experiment. 
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Chapter 7 Photocatalytic and Microwave Dielectric Properties of 
Doped Nano-TiO2 Powders and Sintered Disks 
In this chapter, various TiO2 ceramics of high surface area were prepared from 
aqueous solutions by using a continuous hydrothermal flow synthesis (CHFS) reactor. 
Eighteen dopant elements were used at l mol% level and their photocatalytic activity 
to decolorize methylene blue solution was evaluated as well as their microwave 
dielectric properties. It was hypothesized that some doped materials may be 
particularly good photocatalysts. Meanwhile, as a useful microwave dielectric 
material, the doped titanias were sintered at low temperatures in order to measure 
their microwave (MW) dielectric quality factors (Qf). In addition, the MW dielectric 
quality factors of these titania ceramics were supposed to be improved significantly 
using spark plasma sintering (SPS) to achieve higher densities. 
7.1 Introduction 
The use of titanium dioxide (TiO2) is of interest for a wide range of applications 
particularly as a photocatalyst for destroying various organic pollutants (Akurati et al. 
2007; Fei et al. 2007). As TiO2 is illuminated by light with wavelength below ca. 380 
nm, the photons excite valence band electrons across the band-gap into the conduction 
band, leaving holes behind in the valence band (Boruas et al. 2007; Fujishima & 
Honda 1972; Fujishima & Zhang 2006). The holes in TiO2 react with water molecules 
or hydroxide ions to produce hydroxyl radicals. Since ca. 96 % of the solar spectrum 
has wavelengths >380 nm, much of it cannot readily be utilized by pure titania 
directly. Therefore, metal dopant was often introduced into titania to decrease the 
band-gap or introduced of intra-band-gap states, which allows more visible light 
adsorption (Carp et al. 2004;Woo et al. 2007). 
 
TiO2 is also a useful dielectric resonator at microwave (GHz) frequencies, possessing 
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a high dielectric constant ’ which is highly anisotropic in single crystals (’ = 89 
perpendicular to and ’ = 173 parallel to the c-axis (Templeton et al. 2000), but εr 
(relative permittivity) = 100 in randomly oriented polycrystalline samples, along with 
a low dielectric loss of tan δ ~ 6 x 10-5.  
 
It is essential to understand the behaviour of the titanium cation, as it can exist in 
mixed valence states, and the role of oxygen and its influence on dielectric loss (tan , 
often expressed as quality factor, Q, where Q ≈ 1/ tan ). The r is believed to be fairly 
insensitive to microstructure and slight oxygen variation. In contrast, the tan  is 
extremely sensitive to minor variations in oxygen stoichiometry and microstructure. It 
has been previously shown that whist high purity TiO2 has poor Q values, very small 
amounts of a dopant (as little as 200 ppm) can greatly increase Q, as can anneal the 
ceramic at high temperature and then slowly cool it down (Gongora-Rubio et al. 2001; 
Grant 1959). Both of these processes prevent the formation of Ti3+ ions, which can 
form in high purity TiO2, and cause oxygen deficiencies in the lattice, resulting in a 
great increase in dielectric losses. TiO2 usually needs to be sintered at high 
temperatures of ca. 1500 oC to produce a high Q ceramics, but if this temperature 
could be greatly decreased, the problem of reduction of Ti4+  Ti3+ could well be 
diminished. Another advantage of lowering the sintering temperature is that material 
may be suitable for use as a Low Temperature Co-fired Ceramic (LTCC). 
 
In LTCCs, the ceramic layers are co-sintered along with metal contact layers to form a 
device in a single step (Gongora-Rubio et al. 2001; Kuang et al. 1997). As the most 
commonly used substrate metal is silver, the ceramic must be sintered and have useful 
microwave properties below 961 oC, the melting point of silver. This presents a 
difficult materials engineering requirement, as many ceramics do not achieve 
sufficient density at such low temperatures. 
 
Other methods for achieving high density ceramics at low temperatures such as Spark 
Plasma Sintering (a pressure sintering method) have recently received a great deal of 
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attention for nanocrystalline TiO2 samples. The SPS process involves by applying a 
pulsed voltage and uniaxial pressure (for a short time) to a specimen during sintering, 
resulting in rapid heating rates and often retention of a nano-grained structure. 
Chaudhry (2008) has sintered nanosized hydroxyl appetite (HA, particle size of 140×
40 nm) produced by CHFS using SPS method. The HA disc was sintered at 1000 oC / 
5 min were transparent. The grain size ranges 400 – 700 nm, and a ca.100% 
theoretical density was achieved (Reported in Chaudhry’s thesis QMUL, 2008). 
Despite its advantages, SPS leads to a reduction in the bulk sample due to the applied 
high voltage and vacuum conditions. This reduction of Ti4+ is the main reason why 
many studies involving the SPS of TiO2 have only focused on sintering behavior and 
have not reported the dielectric characteristics of TiO2 obtained through SPS. Angerer 
et al. (2004) applied SPS to consolidate TiO2 powders (40 nm) and obtained a fine 
grain-size TiO2 with high densities. The temperatures applied by them were high and 
in the range of 800 - 1000 oC; these temperatures were applied for 1 min at a pressure 
of 7 - 15 MPa. The consolidated samples, as a result of the above-mentioned 
conditions, exhibited a mixture of anatase and rutile phases. Lee et al. (2003) obtained 
completely dense TiO2 with an average grain size of ~ 200 nm by SPS at 700 oC for 1 
h by applying a pressure of 62 MPa. Their samples exhibited a completely rutile 
structure. Noh et al. (2007) sintered rutile powders (50 nm, prepared via the sol-gel 
process) using SPS. The sintering temperature of SPS process and the high 
temperature of SPS for the density of 99.1% was 760 oC, with a grain size of 300 nm. 
The dielectric constant and quality factor of SPS-TiO2 re-oxidized specimens in a 
microwave regime were 112.6 and 26,000, respectively (Noh et al. 2007). 
 
For the utilization of TiO2 as a photocatalyst or dielectric resonator, the surface area 
and particle size are important factors in determining the displayed properties, e.g. a 
large reaction surface area can enhance the kinetics of a photocatalytic reaction, and a 
small particle size can reduce the sintering temperature and hence affect density. In 
the synthesis of nano-sized ceramic materials, hydrothermal syntheses conducted at ca. 
200 - 400 oC under a pressure of 24.1 MPa or so can offer many advantages over 
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more conventional preparation methods, e.g. relatively lower synthesis temperatures, 
less processing steps and high surface areas (Cabanas et al. 2000; Cabanas et al. 2001; 
Darr & Poliakoff 1999). The vast majority of hydrothermal syntheses are conducted in 
batch reactors, which can be time consuming and offer little or no control over 
particle properties (Hayashi & Torii 2002). In contrast, Continuous Hydrothermal 
Flow Synthesis (CHFS) reactors have many advantages for nanomaterials synthesis, 
because the reaction parameters such as pressure, temperature, flow rate, 
concentration, and pH etc. can be varied independently to affect the product’s particle 
properties (Darr & Poliakoff 1999; Hakuta et al. 2003). In this chapter, the utilization 
of a CHFS system to produce 18 different cation-doped (1 mol% dopants) titanias, as 
well as one undoped titania nanopowder was reported. Such CHFS system has been 
successfully used in synthesizing a range of different nanoceramics, such as catalyst 
materials (NiO, CoO) (Boldrin et al. 2007), bioceramics (hydroxyapatite, calcium 
phosphate) (Chaudhry et al. 2006), nanopowder precursors to solid fuel cell materials 
(La3Ni4O10 and La3Ni2O7 for cathode layer; NiO mixed YSZ for anode layer) (Weng 
et al. 2007; Weng et al. 2008), optical nanomaterials (TiO2) (Zhang et al. 2009a & b). 
In this work, nano-TiO2 powders were assessed for their photocatalytic activities 
towards decolorization of a model pollutant, methylene blue (MB) dye, under the 
simulated visible light irradiation. Moreover, these nanoproducts were pressed and 
sintered at 950 oC to allow their quality factors and permittivity to be measured. In 
addition, the MW dielectric quality factors of these titania ceramics can be improved 
by using spark plasma sintering (SPS) which also allowed them to reach higher 
densities. Herein, we assess the photocatalytic activity and microwave dielectric 
properties observed across different ionic dopants in titania. 
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7.2 Experimental procedure 
7.2.1 Synthesis of nano-TiO2 powder by using continuous hydrothermal flow 
synthesis (CHFS) system  
Titanium (IV) bis(ammonium lactate) dihydroxide (TiBALD, 50 wt% in water) was 
used as a Ti precursor. VSO5·H2O (0.068 g), Fe(NO3)3·9H2O (0.169 g), 
Mn(NO3)2·4H2O (0.105 g), Ni(NO3)2· 6H2O (0.122 g), ZrO(NO3)2·H2O (0.968 g), 
Cu(NO3)2·5H2O (0.103 g), Zn(NO3)2·6H2O (0.125 g), Ce(NH4)2(NO3)6 (0.228 g), 
Er(NO3)3·6H2O (0.186 g), Y(CH3CO2)3·H2O (0.112 g), Nd(NO3)3·6H2O (0.189 g), 
Pr(NO3)3·6H2O (0.182 g), Bi(NO3)3·6H2O (0.612 g), La(NO3)3·6H2O (0.819 g), 
Ca(NO3)2· 4H2O (0.103 g), AgNO3 (0.071 g), Sr(NO3)2 (0.089 g) and Ba(NO3)2 
(0.092 g) were carefully weighted and used as doping metal salts. The molar 
percentage of each metal salt dopant precursor in Ti solution was 1 mol%. Each 
doping metal salt was premixed with 0.4 M TiBALD (20 mL TiBALD diluted in 100 
mL water) water solution homogeneously. 
 
P2 
H2O 
Nano-TiO2 
slurry 
P1 
P3 
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Ti4+ 
H2O 
 
 
 
 
 
 
 
 
 
Figure 7.1 Schematic representation of the three-pump (P1, P2 and P3) continuous 
hydrothermal flow synthesis system that was used to prepare doped nano-titanias.  
Key: P = pump, C = cooling, H = heater, F = filter, B = back-pressure regulator, R = 
reactor, and Mn+ = metal dopant ion. 
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Undoped and doped nano-TiO2 samples were prepared using a CHFS reactor, the 
basic design of which has been reported in Chapter 2, and the schematic 
representation was shown in Figure 7.1. The dopant metal salt (concentration used 
was 1 mol%) was premixed with an aqueous 0.4 M TiBALD solution. Each aqueous 
salt solution was pumped to meet a flow of deionized water at room temperature at a 
T-junction and this mixture (now TiBALD solution concentration at 0.2 M) then 
reacted with the concurrently flowing superheated water feed in a counter-current 
reactor, whereupon, rapid precipitation of crystalline anatase occurred. The aqueous 
suspension was collected at the exit of the back-pressure regulator (Tescom™) after 
first passing through the in-line cooler and 15 μm filter (Swagelok™), the latter was to 
remove any large aggregates that may form.  
 
The reaction conditions employed included supercritical water feed at 400 ºC and 24.1 
MPa. A flow rate of 10 mL min-1 was used for both metal salts and deionized water 
(supercritical water) feed. Slurries were then transferred in 50 mL falcon tubes and 
centrifuged (5100 rpm for 60 min), and around 45 mL of liquid was removed and 
replaced with 45 mL of clean deionized water in each centrifuge tube, with shaking to 
disperse the solids. Each tube further centrifuged (5100 rpm for 60 min) and the liquid 
removed again. This procedure was repeated twice. The wet solids were freeze dried 
for 22.5 h to give a variety of coloured fine powders from off white for undoped TiO2 
to dark brown for Ag+-doped powder. Yields were calculated at > 90 % for all 
reactions. 
7.2.2 Photocatalytic decolorization of methylene blue irradiated by visible-light 
Photocatalytic activity tests were performed on all the freeze-dried nano-TiO2 
ceramics by monitoring decolorization of MB dye solution under visible-light 
irradiation (wavelength ≥ 400 nm). 42.03 mg of MB hydrate powder was accurately 
weighted and 2000 mL of deionized water was added, in order to make 6.50×10-5 M 
standard solution. A calibration curve for MB solutions was established by serial 
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dilutions of the MB standard and measuring the corresponding absorbance at 665 nm 
(correlation coefficient of 0.9998). A fresh sample of MB was prepared from which a 
50 mL aliquot of standard MB solution was added into each glass reactors along with 
0.010 g of the particular titania sample. The mixtures were magnetically stirred for 90 
min in the dark to allow adsorption-desorption equilibrium of dye on the catalyst 
surface to be established. After this, a 5.0 mL aliquot was taken from each reactor and 
this was centrifuged (5100 rpm for 5 min) to ensure the catalyst fully settled. The 
clear liquid from this sample was analyzed via UV-Vis spectrophotometer, with the 
measuring intensity of the absorbance band at 665 nm, used to calculate the 
concentration of MB in the sample. All solids and liquids were then returned to the 
corresponding reactor. The photocatalytic reactors containing the catalyst were 
irradiated with the light source, and stirred continuously in air. At regular 60 min 
intervals up to 4 h, the light was switched off and the absorbance of the 665 nm 
UV-Vis band was measured for each sample after using a centrifuged aliquot as 
described earlier. The photodecolourisation rates are presented in Figure 7.3 for the 
various titanium oxides. The reproducibility of our photocatalytic test method was 
tested before (see Chapter 3), which shows good consistency. Therefore, measurement 
was only carried out once, and no error bar with the result was given herein. 
7.2.3 Microwave dielectric measurement 
For nanopowders sintered by furnace sintering method (FSM), the samples were 
uniaxially pressed to form pellets (ca. 5 mm thick), under a pressure of 20 MPa using 
a 13 mm diameter die. The pucks were sintered in air using a chamber furnace, by 
heating at a rate of 5 oC min-1 to the desired temperature, held at that temperature for 2 
hours, and then cooled to room temperature at a rate of 5 oC min-1. 
 
For nanopowders sintered by spark plasma sintering (SPS), ca. 3.0 g of the nano-TiO2 
powders were loaded with graphite dies (20 mm diameter, 2 mm thickness). A 
pressure of 25 MPa was applied at the end of the sintering time of 3 min. The furnace 
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had a pyrometer focused on a hole close to the sample in the upper punch to measure 
the processing temperature, which was 1000 oC for all cases. All of the samples were 
slowly cooled (at ca. 28 oC min-1) to avoid fracture due to thermal shocks and 
differential contractions. The sintered ceramics were subsequently annealed at 900 oC 
for 15 h in air. The density of compacted samples was calculated from the Archimedes 
immersion method (Equation 7.4) with water as a liquid medium. The values for 
relative densities and % sintering, respectively, were calculated from the maximum 
theoretical densities of 4.22 g cm-3 for rutile (used for all sintered samples) and 3.88 g 
cm-3 for anatase. The SPS samples were cut into smaller pieces (8 - 13 mm in dia.) as 
required for measurement.  
 
The quality factor (Q) and relative permittivity (r) were measured at frequencies of 
6-8 GHz, using the resonant TE01δ mode of the sample (Kajfez & Guillon 1998). This 
was done as follows; the sample was placed in an oxygen-free high-conductivity 
copper cavity, supported on a 4 mm high low-loss quartz spacer. The cavity was 30 
mm in diameter, with adjustable height. This height was adjusted so that the space 
above and below the sample was 4 mm, approximately the same as the sample 
thickness. The diameter of the sample was also approximately 1/3 of the diameter of 
the cavity, as recommended by Kajfez and Guillon (1998). The surface resistance of 
the copper was calculated from the Q value of the TE011 resonance of the empty cavity, 
to allow the results to be corrected for any loss due to the cavity walls (Kajfez & 
Guillon 1998). The TE01δ mode was examined using a Vector Network Analyser 
(Hewlett-Packard HP8720D), with a resolution of ±1 Hertz. The Q values are 
corrected for losses due to the measurement equipment, and so can be assumed to be 
the Q of the dielectric ceramic. Measurements were made on the samples, at room 
temperature. The measured Q and resonant frequency will vary with the dimensions 
of the sample and the cavity used, but the value of Q × frequency (Qf) will be 
approximately constant for samples with similar resonant frequencies (e.g. 1 - 10 
GHz). Therefore, the results are given as Qf values (in GHz) to compare samples with 
each other and to previous findings, and the resonant frequencies for each sample 
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sintered by both FSM and SPS are given in Table 7.3. 
7.3 Results and discussion 
7.3.1 Synthesis and characterization 
Table 7.1 L* a* b* colour measurement as-prepared CHFS nano-titanias. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The ‘as-prepared’ nano-TiO2 ceramics with 18 different metal dopants and one 
undoped powder made in the CHFS system were isolated by centrifugation and 
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washing cycles and then freeze dried, to give the products in high yields > 90%. 
Particle size and morphology of the non-doped product were studied using a 
High-Resolution Transmission Electron Microscopy (HR-TEM) in previous work 
(Zhang et al. 2009a & b), giving agglomerated primary particles with a mean 
crystallite size of 4.9 ± 1.3 nm. Additionally, the X-ray Photoelectron Spectroscopy 
(XPS) suggested that the non-doped TiO2 synthesized using our method is effectively 
stoichometric anatase. 
 
It is evident that the dopant species affect the colour. Certainly, a colour change is not 
necessarily proof of doping; however, the colour consistency of each sample 
suggested they were homogenous. Samples containing Ag+, Ce4+, Co3+, Fe3+, Mn2+, 
Ni2+, V4+, La3+, and Cu2+ dopants produced the most strongly coloured or darker 
titanias. Ag+, Mn2+ and V4+ doping produced different shades of brown, and Co3+ 
doping created green and grey colour. Fe3+, Ce4+ and Ni2+ produced yellow coloured 
doped titania. Zn2+, Zr4+, Er3+, Y3+, Pr3+, Bi3+, Ca2+, Sr2+, and Ba2+ are all in white or 
off-white colour. The colours of powders were analyzed and the L-a-b colours were 
given in Table 7.1. 
 
All the as prepared nanopowders from this study showed crystalline XRD patterns 
without having had any additional heat-treatments. Additionally, all samples had a 
typical anatase titania pattern (similar to JCPDS pattern no. 21-1272). The XRD 
patterns for Ag+-doped samples, revealed additional very weak peaks assigned to 
metallic silver (similar to JCPDS pattern No. 04-0783). It is attributed to the large 
ionic radii of Ag+, which is too big to fit the Ti-O lattice (or beyond its solubility 
limit). However, such phase separation can not be observed for the larger Ba2+ and 
Sr2+ doped sample. Whilst all other dopant ions are not assumed to be in the lattice 
under all concentrations used on the basis of powder XRD, we do not see further 
phase separation. The crystallite size of the doped nano-TiO2 samples was calculated 
by measuring the width of anatase (101) diffraction peak and applying the Scherrer 
equation (McGehee & Renault, 1972):  
 203
Chapter 7                               Photocatalytic and Microwave Dielectric Properties of nano-TiO2 
cos
kD                                                   Equation 7.1 
where D is the crystalline size, λ is the wavelength of X-ray radiation (0.1541 nm), k 
is a constant usually taken as 0.9, θ is the peak width at half-maximum height (in 
radians) and β is the peak width at half-maximum height. Applying the Scherrer 
equation to the XRD patterns [taking the anatase (101) plane diffraction peak] 
typically gave an average crystallite size of 4.3 ± 1.1 nm for all samples, which is 
similar to the previous report by the authors for undoped TiO2 made via the CHFS 
methods (4.5 nm, reported in chapter 4). 
 
Brunauer-Emmett-Teller (BET) surface area measurement of undoped and all 
doped-titania materials revealed high values of 274 ± 28 m2g-1 with some observed 
anomalies such as Bi3+-doped TiO2 (with surface area value of 231 m2 g-1), V4+-doped 
TiO2 (253 m2 g-1), Ag+-doped TiO2 (249 m2 g-1), Zr4+-doped TiO2 (323 m2 g-1), 
Sr2+-doped TiO2 (305 m2 g-1), and Cu2+-doped TiO2 (309 m2 g-1). The average error 
for each measurement is ca. ± 2.13 m2 g-1. These anomalies may be due to slightly 
different particle sizes as a result of the dopant being present in the reagents. BET 
specific surface area measurements of TiO2 materials were shown in Table 7.2. As 
substrate adsorption is a prerequisite for efficient photocatalysis, thus, surface area is 
an important factor influencing the activity of the photocatalysts under UV or other 
irradiation sources. Whilst a high surface area may be beneficial for higher 
photocatalytic activity, other factors such as structural and surface properties of the 
TiO2, need to be taken into account when comparing relative photocatalytic rate 
constants. 
 
It was widely reported in literature that incorporation of small amounts of various ions 
(metal and non-metal) into TiO2 greatly benefit the catalytic properties of the material 
and its photoactivity under light of broader wavelength range. As it is illustrated in 
Table 7.2, an extensive series of promising band-gap modified photocatalysts were 
synthesized. A diffuse reflectance UV-Vis spectrophotometer was used to calculate 
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the band-gap edges of the photocatalysts. Band-gap energy (Eg) values for the all the 
synthesized samples were calculated using the following equation (Hou et al. 2006; 
Tayade et al. 2006; Zielinska & Morawski 2005): 
g
hcE                                                      Equation 7.2                 
where Eg = band-gap energies (eV), h = Plank’s constant 6.62606885×10-34 (J s), c = 
light velocity (m s-1), and λ = wavelength of the absorption (nm). 
 
All photocatalysts except pure nano-TiO2 showed absorption in the UV range (due to 
fundamental absorption of native TiO2) which can be extended to the visible region 
(due to the transitions from the donor levels created in nano-TiO2 from doping with 
various species). For the estimation of Eg from the UV–Vis spectra, a straight line was 
extrapolated from the absorption curve to the wavelength axis and defining the edges 
as the wavelength of the absorption edge (Demeestere et al. 2005; Khan et al. 2002).  
The calculated band-gaps were compiled in Table 7.2. It is observed that La3+-doped 
sample exhibited additional weak absorption band at the visible range due to typical 
intra-configurational f-f transitions (Ishikawa et al. 2004). Er3+-doped sample showed 
absorption at 520 nm (2.38 eV) and 650 nm (1.93 eV) suggesting the transitions from 
4I15/2 to 2H11/2 and 4F9/2, respectively, and for Pr3+-doped TiO2, additional absorption 
were observed at 445 and 590 nm. Wide absorption band in the region of 500 - 600 
nm was observed for Mn2+-doped sample owing to crystal field transitions 
(Dvoranova et al. 2002). These observed additional absorptions are not included in the 
band-gap calculations.  
 
The band-gap is not the only factor that influences the activity of such photocatalysts. 
Even though deposition of various dopants revealed a remarkable shift toward the 
visible region for doped materials, this does not ensure that they will improve the 
photocatalytic efficiency in visible region. For comparative purposes and any 
noticeable correlations between the physical and optical properties of the potential 
photocatalysts, all calculated data were tabulated in Table 7.2, which summarizes the 
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BET surface area and optical properties such as calculated band-gap edge values. 
 
Table 7.2 Surface area and band-gap of CHFS synthesized nano-titanias. 
Sample TiO2 V-TiO2 Fe-TiO2 Mn-TiO2 Ni-TiO2 Zr-TiO2 Cu-TiO2 Zn-TiO2 Ce-TiO2 Er-TiO2
Surface area/ 
 m2 g-1 
289 253 261 297 271 323 309 280 276 264
Band-gap/ 
eV 
3.25 2.43 2.75 2.43 2.79 2.75 2.54 2.74 2.89 2.64
Sample Y-TiO2 Nd-TiO2 Pr-TiO2 Bi-TiO2 La-TiO2 Ca-TiO2 Ag-TiO2 Sr-TiO2 Ba-TiO2  
Surface area/ 
 m2 g-1 
256 266 281 231 271 257 249 305 280
Band-gap/ 
eV 
2.74 2.89 2.56 2.78 2.89 3.03 2.58 2.87 2.91
7.3.2 Effect of dopants on photocatalytic decolorization of MB 
The ‘as-prepared’ nano-TiO2 ceramics were assessed for photocatalytic 
decolourisation of MB dye under light irradiation. The photocatalytic reaction rates 
are plotted in Figure 7.3. In order to determine whether the model dye was proved to 
direct decolourisation under visible light irradiation, an additional experiment without 
any photocatalyst was performed. In this case, the reactor was filled with standard MB 
solution, and, after 90 min in the dark, was irradiated for 4 h after that, the 
concentration of MB in solution was determined to have fallen by ca. 25 % due to the 
photosensitization was reported previously (Zhang et al. 2009a & b).  
 
First, an experiment was performed in order to determine equilibration have in the 
dark for the surface adsorption of MB on several randomly chosen samples (Ag+, Fe3+, 
Ce4+, La3+, and undoped TiO2). Glass reactors with dye and nano-TiO2 solutions were 
stirred magnetically in dark for 3 h. The kinetics of MB adsorption in dark performed 
in glass reactors for each sample was represented in Figure 7.2. It can be seen that 
they are of the Langmuirian type with an equilibrium adsorption reached at the most 
within 90 min, whatever the sample is. Adsorption occurred in the range 19 - 23 mol%. 
The overall photocatalytic MB destruction rate of each sample can be determined by 
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Langmuir-Hinshelwood kinetics (Riffat & Zhao 2007). This correlation coefficient 
(R2) for all the rate constant calculations was greater than 0.97. Surface absorption 
processes are often deemed to be one of the rate determining factors in certain 
photodecolourisation reactions (Ohtani & Nishimoto 1993). 
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Figure 7.2 Kinetics of adsorption of MB in the dark, with the presence of TiO2 
catalysts. 
 
The photocatalytic reactors containing the catalysts were irradiated with visible light. 
At regular 60 min intervals, the light was switched off and the intensity of the 665 nm 
UV-Vis band absorbance was measured for each sample after first using the 
centrifugation. In selected cases, doping of certain metals into titania showed 
increased photocatalytic activity compared to undoped titania. Titania doped with 
either Pr3+, Er3+, Nd3+, Ba2+, Bi3+, Y3+, Zn2+, Ag+, Zr4+, and Sr2+ showed enhanced 
activity under the light irradiation，with the later three being most active at this doping 
level (Figure 7.3). Other doped titanias gave either comparable or reduced activity 
compared to the undoped sample. Rare earth elements such as Er3+, Pr3+, Y3+ and Nd3+ 
are known to act as electron traps at low levels of doping up to 1.5 at.% (Xu et al. 
2002; Zhou et al. 2005), and this is most likely why increased photocatalytic activity 
was observed in our study. The most active rare earth doped titanias, are generally 
 207
Chapter 7                               Photocatalytic and Microwave Dielectric Properties of nano-TiO2 
reported in the literatures to be achieved at less than or equal to 1 mol% dopant (Liang 
et al. 2008; Xu et al.2008; Zhang et al. 2005). The optimal concentration in such 
materials is achieved by a balance of increasing trapping sites (increasing the overall 
lifetimes), increasing the efficiency of interfacial charge transfer and defects (Carp et 
al. 2004). The case of Bi3+-doped sample is more complex. The 6s2 Bi3+ ion (ionic 
radius 1.03 Å) is unable to directly substitute the 4s0 Ti4+ ion (ionic radius 0.61 Å) 
using soft chemical method of preparation, a new phase is formed (Rengaraj et al. 
2006). Poolmanee et al. (2004) hydrothermally synthesised Bi3+-TiO2 sample, and 
characterised an additional Bi4Ti3O12 phase on the surface. They concluded that the 
formation of bismuth titanate acts as traps for photogenerated electrons and deters the 
pair recombination process, correspondingly enhance the photoactivity. However, this 
phase has not been directly examined on the XRD pattern of Bi3+-TiO2 sample at 
doping level of 1 mol%, but it indeed exhibits a promising photocatalytic activity. The 
Ag+-doped nano-TiO2 samples showed amongst the best photocatalytic activities, 
which is consistent with previous reports that silver metal (as found in XRD) on the 
surface, can act as electron traps to facilitate electron hole separation and interfacial 
electron transfer (He et al. 2002; Sung-Suh et al. 2004). In Zn2+-doped TiO2, Zn2+ can 
diffuse into the lattice of the nano-TiO2, causing relatively large strain in crystal. To 
offset this strain, lattice oxygen, especially surface oxygen atom has been known to 
escape from the lattice and exist as a hole trap, further enhancing the photoactivity 
(Yu et al. 1998). The best overall photoactivity herein was observed for Sr2+ and 
Zr4+-doped samples, and this is mostly attributed in part to the higher surface area 
(305 and 323 m2 g-1, respectively), large lattice deformation and the forming of 
capture traps, which may have all contributed to the higher separation efficiency of 
the photogenerated carriers. Further, the enhancement in photocatalytic activity of the 
Zr4+-doped TiO2 might be explained by the increase of oxygen vacancies 
concentration according to the mechanism proposed by Yu et al (1998). The solid 
solutions such as those made by substituting Zr4+ for Ti4+, might have induced 
structural defects such as vacancies into the titania lattice. Such as Ag+, Ba2+ and Sr2+ 
ions are not readily accommodated by the titania lattice. This could result in the 
 208
Chapter 7                               Photocatalytic and Microwave Dielectric Properties of nano-TiO2 
formation of surface dopant material and affect the number of available site for 
adsorption (Al-Salim et al. 2000).  
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Figure 7.3 The photocatalytic decolourisation rate of methylene blue dye for 
‘as-prepared’ undoped-titania and 18 different doped-titanias under visible-light 
irradiation. 
 
Conversely, certain dopants can reduce catalytic activity by promoting charge 
recombination. Mn2+ and V4+, respectively, as dopants in TiO2 are known to reduce 
catalytic activity by promoting charge recombination (Mn2+ and V4+ can retard such 
reactions by using holes or radicals for its re-oxidation to +3 and +5 ions, 
respectively). In Fe-doped titania, an optimum dopant level 0.09 mol% was 
previously reported as giving the best photocatalytic activity under visible light 
irradiation by Zhu et al. (2004). Above this value, additional Fe3+ sites act as dominant 
recombination centers, reducing photocatalytic activity (Xin et al. 2008). Moreover, 
Xin et al (2008) suggested that the Cu2+-TiO2 photocatalysts with appropriate content 
of Cu (about 0.06 mol%) possessed high photoactivity. However, at heavy Cu2+ 
dopant levels, excessive p-type Cu2O can cover the surface of TiO2, which leads to 
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decrease in the photocatalytic activity of photocatalyst (Xin et al. 2008). Selected 
transition metal dopants used in this study all had either no observed effect or a slight 
detrimental effect on photocatalytic activity. In the case of La3+-doped sample, the 
La3+ ions act as p-type dopant (acceptor centres), which trap photoelectrons and, once 
negatively charged, attract holes, thus forming recombination centres 
(Uzunova-Bujnova et al. 2008).  
7.3.3 Effect of dopants on quality factor (Qf) 
7.3.3.1 Sintering study and activation energy 
The shrinkage of CHFS powders against temperature was investigated at heating rate 
of 5 oC min-1 (from room temperature to 1500 or1600 oC) using a dilatometer. Figure 
7.4 shows the results indicating that all the doped and undoped powders began to 
sinter at temperatures lower than the bulk anatase and rutile powders (particle size of 
ca. 1.3 μm). However, even though they shrink more at low temperatures, they never 
become as dense as the bulk material at very high temperature. It could be due to the 
anatase-rutile phase transformation, as the bulk anatase powder never becomes fully 
dense either (87% density at 1150 oC). The bulk rutile powder achieves > 95% of fully 
dense, being sintered at 1150 oC. The less density of CHFS nano-TiO2 (doped and 
undoped) is likely due to the agglomeration of the nanopowders, because the surface 
charge of particles in the agglomerates is always making these nanoparticles repulsed 
from each other, and never gets fully dense even at high temperatures. 
 
It can be also found that all the CHFS powders had much lower sintering temperatures 
(temperature at which start sintering) than the bulk ones. The small dopants (such as 
Cu2+, Mn2+, Fe3+…) help to reduce the sintering and anatase-rutile transition 
temperature comparing with the undoped one (CHFS). This can be deduced that these 
dopants might be expected to create grain boundary and phase separation, which 
would leas to preferential phase change and so lower the transition temperature. 
However, with Sr2+ and Zr4+-doped powders, most sintering also took place at 
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relatively higher temperatures, leading to a fairly dense ceramic (especially Zr4+). This 
can also reasonably concluded that for some large or tetravalent cation doping that the 
phase transition is largely hindered by strain effects in the lattice caused by doping, 
which limits mass transport required in this phase transition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.4 Plot of shrinkage of selected doped and undoped nano-TiO2 powders 
synthesized using CHFS, and two bulk TiO2 samples (anatase and rutile), against 
temperature at heating rate of 5 oC min-1: [1] Ni-TiO2, [2] Pr-TiO2, [3] Ce-TiO2, [4] 
V-TiO2, [5] Bulk anatase, [6] Zr-TiO2, [7] Bulk rutile, [8] Cu-TiO2, [9] Fe-TiO2, [10] 
Mn-TiO2, [11] undoped-TiO2, [12] Sr-TiO2, and [13] Sr-TiO2. 
 
Further looking at the undoped nano-TiO2, Fe3+-doped TiO2 powders, bulk rutile and 
anatase was below (Figure 7.5), it can be seen that the anatase transformation happens 
at a much lower temperatures. Looking at the alpha curve (rate of change of 
expansion), the rutile has a slow, plodding, continuous shrinkage, whereas the anatase 
goes in a rapid stage, followed by a slower rate after the transformation. The undoped 
nano-TiO2 also has a slow, plodding sintering, being held up by agglomerates. The 
Fe3+-doped TiO2 has a much rapid sintering rate before the transformation, although it 
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is similar afterwards. It is believed that this rapid sintering is because many of the 
dopants help to overcome the problem of agglomerates, as is shown in the activation 
energy calculations (Figure 7.6 and Figure 7.7). 
 
 
 
 
 
 
 
 
 
 
 
Bulk rutile
Bulk anatase 
Nano-TiO2
Fe-TiO2 
Figure 7.5 Plot of shrinkage of undoped nano-TiO2, Fe3+-doped TiO2, bulk rutile and 
anatase powders, as well as their alpha curves: [1] Bulk rutile, [2] Fe-TiO2, [3] Bulk 
anatase, and [4] Undoped TiO2. 
 
The shrinkage (dL/Lo) of the undoped nano-TiO2 and Fe3+ doped TiO2 pucks (Figure 
7.6 and Figure 7.7) was measured against temperature, and the values of dl/Lo and 
temperature taken at 5%, 8%, 9%, 10%, 15%, 17.5%, 20% shrinkage (for undoped 
TiO2); 5%, 7.5%, 10%, 12%, 14%, 15%, 18%, 20% shrinkage (for Fe3+-doped TiO2), 
for each run at different heating rate k (5 and 20 oC min-1). Then, for each specific 
value of shrinkage, ln k is plotted against the inverse of temperature in Kelvin, 1/T, 
and activation (Ea) is calculated using the Arrhenius expression given below: 
1ln lnaEk
R T
      Z                                         Equation 7.3 
where the activation energy (Ea) will be the slope of the graph of ln k against 1/T 
multiplied by the gas constant, R = 8.3145 J K-1 mol-1), Z is the intercept, and can be 
ignored. It has been found that the undoped nano-TiO2 just grinds to a halt before the 
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transformation, with steadily increasing activation energies along the curve, whereas 
the Fe3+ reaches a maximum and then decreases against before the transformation to 
rutile. 
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Figure 7.6 (a) The shrinkage (dL/Lo) of the undoped TiO2 in dilatometer, the values 
of dL/Lo and temperature was taken at 5%, 8%, 9%, 10%, 15%, 17.5%, 20% 
shrinkage for each run at different heating rate (k) of 5 and 20 oC min-1. (b) Activation 
energy of undoped nano-TiO2 pucks at different temperature. 
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Figure 7.7 (a) The shrinkage (dL/Lo) of the Fe3+ doped-TiO2 in dilatometer, the values 
of dl/Lo and temperature was taken at 5%, 7.5%, 10%, 12%, 14%, 15%, 18%, 20% 
shrinkage for each run at different heating rate (k) of 5 and 20 oC min-1. (b) Activation 
energy of Fe3+-doped TiO2 pucks at different temperature. 
 
Therefore, it can be concluded that the CHFS nanopowders (doped and undoped) start 
off sintering with low activation energy as the small particle sinters, but then a second 
step happens with very high activation energy as the agglomerates block the process. 
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Some dopants then help overcome this process with a further reduction in activation 
energy at high temperatures- and all of this is before the anatase-rutile transformation. 
7.3.3.2 Qf of samples sintered using furnace sintering method (FSM) 
All samples appear single rutile phase after 2 h sintering. As can be seen from Table 
7.3 and Figure 7.9 all of the samples were relatively poorly sintered when fired to 950 
oC, with no samples exceeding 74% (Mn2+ doped) of the maximum theoretical density. 
The actual densities of the sintered pucks were calculated using Archimedes’ principle. 
It is assumed a density of 1 g cm-3 for water: 
( )
air
disc
air water
m
m m
                                            Equation 7.4 
where ρdisc = density of the sintered disc in g cm-3, mair = mass of the sintered disc in 
air in grams, mair – mwater = volume of water displaced by immersing the disc in cm3, 
mwater = mass of the sintered disc in water in grams. This is not surprising given the 
low sintering temperatures. Figure 7.8 shows the SEM image of sintered Ag+-doped 
TiO2 sintered disc at different magnifications. The images revealed a microporous 
structure of the furnace sintered Ag+-TiO2 sample with a grain size in the range ca. 
0.94 μm in average (±0.23 μm, 37 grains sampled). 
 
Standard ceramic powders of doped high-Q rutile (Qf = 48 000 GHz when sintered at 
1500oC) and anatase (a low-Q material), with particle sizes in the micron range, were 
also fired to 950 oC for comparison. However, the standard ceramic powders were 
even less well sintered than virtually all of the CHFS nanopowders. Figure 7.9 shows 
the overlaid plots of density, εr and Qf for all samples. It appears that the trend in 
values of εr and Qf approximately follow the degree of sintering in most samples. It is 
well known that εr is usually closely related to density, so it is no surprise that εr 
closely follows density in most samples (highest εr = 30.3 for Mn2+ doped TiO2), and 
that all of the values are so much lower compared to εr of 100 for well sintered TiO2 
ceramics. It is more surprising that the Qf values appear to follow density so closely, 
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as many more factors such as grain size distribution, presence of dopants forming at 
grain boundaries and defects from dopants and impurities usually have a large effect 
on Qf in dielectric ceramics. Apparently the lack of grain growth and liquid phases, 
and the limited diffusion possible for the nanoparticles at the low sintering 
temperatures has rendered the variation in Q to be mostly dependent upon density as 
well. All hydrothermal samples show higher Qf values than standard ceramics sintered 
at the same low temperature, in some cases, almost by an order of magnitude. 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.8 SEM photographs of Ag+-doped TiO2 ceramic sintered at 950 oC at 8,000
×magnification. 
 
The undoped hydrothermal nano-TiO2 sample referred to in the figure and table as 
“undoped” has a low Qf, which indicated high purity of the sample obtained by our 
synthesis route. Many of the additives seem to be beneficial in improving the 
microwave dielectric properties of the hydrothermal TiO2 powder at these low 
temperatures; in particular Fe3+, Mn2+, Ni2+, Cu2+, Zn2+, Ce4+ and Er4+ gave Qf values 
higher than the undoped sample. This agrees with the previous findings of other 
authors (Pullar et al. 2008; Templeton et al. 2000) that the dopants only have a 
beneficial affect on Qf if they have a charge lower than Ti4+ (in ceria, the charge is 
always lower than 4+ in reality, and the oxide can be more accurately represented to 
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as CeO2-δ) and if ionic radius is smaller than 0.95 Å. In Figure 7.9 the dopants are 
plotted from left to right in the order of increasing ionic radius, with the cut-off 
boundary for this value occurring between Er3+ (0.89 Å) and Nd3+ (0.98 Å). In the less 
sintered sample, the degree of sintering appears to dominate the dielectric properties 
in these low density materials, the very low density of this sample may explain the 
lower than expected Qf value. Ions > 0.95 Å seem to have a decreasingly beneficial 
effect upon Qf as they get larger, with the exception of Sr2+ which has a surprisingly 
positive effect on density obtained, thus higher than expected Qf and εr. However, the 
high Qf value of Sr2+-doped TiO2 can not be measured on the fully dense sample using 
SPS. This effect is presently unexplained, and may be worth further study. V4+ and 
Zr4+ have large charges (> 3+), so these have less beneficial effects on achieving a 
high Qf. 
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Figure 7.9 Comparison of microwave dielectric properties and densities of undoped 
TiO2 with doped CHFS titanias. All fired as 13 mm (in dia.) pucks to 950 oC / 2 hr. 
 
A ceramic which has a Qf > 10,000 GHz and ε r > 20 when sintered below 960 oC can 
certainly be considered a potentially useful microwave dielectric LTCC material, and 
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many of these samples meet this criteria, with surprisingly high Qf values for such 
relatively poorly sintered ceramics. As their high degree of porosity could be a 
problem for use in real components, their compatibility with silver needs to be 
assessed as well. Nevertheless, the use of nano-titanias shows potential for possible 
LTCC applications, and will merit further study in future. 
7.3.3.3 Qf of samples sintered using Spark Plasma Sintering (SPS) 
To eliminate the influence of density, these samples were sintered to near full density 
using SPS technique. The effects of inducing dopants on the MW quality factors of 
titania were investigated. All ceramics had densities > 90% (average of 94.8%) of the 
theoretical density of TiO2 except that doped with Bi which was at 88%. ε r values 
were measured on the Mn2+-TiO2, and it gave the value of ~ 108, which is very close 
to the fully dense TiO2 (> 100). Specimens prepared by SPS were generally dark in 
colour due to the reduction of Ti4+ ions during SPS process even though a post 
re-oxidation process was applied.  
 
 
 
 
 
 
 
 
 
 
 
Figure 7.10 SEM photographs of Ag+-doped TiO2 ceramic sintered at 1000 oC using 
SPS at 50 K×magnification. 
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Figure 7.10 shows SEM image of polished surface of Ag+-doped TiO2 using SPS. 
Grain size of the sample is estimated as 277 ± 63 nm (107 grains sampled). The grain 
size is significantly decreased by using SPS (1000 oC/3 min), from ca. 1μm (FSM, 
950 oC/2 h). In addition, the SEM image reveals minimal porosity, in agreement with 
the measured ~ 95% of theoretical density. 
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Figure 7.11 Comparison of microwave dielectric properties and densities of undoped 
TiO2with doped CHFS titanias. Samples sintered via furnace sintering method (950 oC 
/ 2 h, yellow bar) and spark plasma sintering (1000 oC / 3 min, purple bar). 
 
The Qf was plotted against dopants with increasing ionic radius in Figure 7.11. All 
samples exhibit much higher Qf values than ones using low temperature FSM as 
described above, except the Sr2+-doped sample. “Undoped” TiO2 sample has an 
improved Qf value, though it is still low comparing with other samples using SPS. 
Many of the dopants showed beneficial behaviors in improving the microwave 
dielectric properties of the undoped CHFS nano-TiO2 powder; in particular Fe3+, Mn2+, 
Ni2+, Cu2+, Zn2+, Ce4+, Er3+, Y3+ and Pr3+ doping gave Qf values higher than the 
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undoped sample. These results were in close agreement with the other authors’ 
previous finding (Pullar et al. 2008; Templeton et al. 2000). Particularly Mn2+-doped 
sample gave extremely high Qf value of 45000 GHz, which is close to the highest 
value obtained in the previous study using FSM at 1400 oC/1 h. The larger ions (such 
as La3+, Ca2+, Ag+, Sr2+, and Ba2+) above 0.95 Å seem to have a decreasingly 
beneficial effect upon Qf as the ionic radius increased. This was possibly due to the 
presence secondary phase on the grain boundary (which can not be directly observed 
by low-magnification SEM). Surprisingly, Zr4+-TiO2 subjected to SPS shared a high 
Qf. This is different from the previous results by authors (Pullar et al. 2008; 
Templeton et al. 2000). This is probably attributed to reduction of Zr4+ to lower 
valance state under extreme SPS condition (Pedrosa et al. 2007). 
 
Although SPS samples generally processed high densities as high temperature, their 
MW dielectric quality factors were generally lower than high temperature using 
microsize powders as starting materials (Pullar et al. 2008). This could probably be 
attributed to the smaller grain size of the SPS discs [280 nm vs. 5-10 μm obtained by 
furnace sintering method (Templeton et al. 2000)], and the presence of more grain 
boundaries. It is well known that the grain boundaries act as two-dimensional defects 
and may contribute significantly into extrinsic dielectric loss (Ichinose & Shimada 
2006). More dielectric loss in selected SPS samples may be also due to the reduction 
of samples prepared under a reducing environment. 
 
The addition of cation dopants to titania at 1 mol% level has an influence on both the 
photocatalytic activity and dielectric loss of the TiO2 ceramics (SPS data). From the 
initial data, it appears that some doped samples (e.g. Mn2+, Fe3+, Cu2+, Ce4+ and Ni2+) 
with low photocatalytic activity usually have Qf values. It was generally accepted that 
the fist row transition metals such as Fe3+, Mn2+, Cu2+, and Ni2+ can exist in several 
valence states. In photocatalytic process, upon illumination of TiO2 nanoparticles with 
photons of light, electron-hole pairs are generated within the nanoparticle. This leaves 
TiO2 in a highly excited state, which can generate free radicals able to destruct the 
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organic dye in solution. A decrease in the production of free radicals was achieved by 
incorporating with first row transition metals (Fe3+, Mn2+, Cu2+, and Ni2+). As such 
ionic dopants on the surface can switch among different valence states, free radicals 
can be de-excited via reduction and oxidation reactions, which can strongly diminish 
photocatalytic behaviours. The lowest photocatalytic performance for MB 
decolorization was observed for V4+-doped sample, which in part maybe due to more 
flexibly valence switching. Correspondingly, certain dopants improve the quality 
factor of sintered TiO2 ceramics. The promotion of certain dopant valence states 
stabilization of Ti4+ and can compensate for any oxygen deficiency which retards any 
conversion of Ti4+ to Ti3+. 
 
Table 7.3 Microwave dielectric properties and densities of undoped and doped CHFS 
titania, sintered via Furnace Sintering Method (FSM) and Spark Plasma Sintering 
(SPS). 
            Furnace Sintering Method Spark Plasma Sintering 
Material Sint. Temp / 
oC 
% 
sintered 
εr Qf /  
GHz 
Sint. Temp / 
oC 
% 
sintered 
εr Qf /  
GHz 
Undoped 950 69.3 22.1 8 360 1000 96.3 - 12,285 
V5+ 950 59.4 16.6 6 620 1000 95.4 - 9,396 
Fe3+ 950 64.6 19.8 17 390 1000 97.6 - 31,214 
Mn2+ 950 73.8 30.3 19 440 1000 96.8 108 45,985 
Ni2+ 950 65.5 21.8 16 860 1000 95.5 - 24,433 
Zr4+ 950 63.1 18.6 14 200 1000 98.1 - 36,072 
Cu2+ 950 70.7 27.9 20 750 1000 96.7 - 33,582 
Zn2+ 950 68.1 22.9 19 260 1000 93.1 - 34,262 
Ce4+ 950 55.7 20.3 12 889 1000 92.5 - 32,166 
Er3+ 950 56.2 20.0 15 470 1000 93.2 - 19,672 
Y3+ 950 51.7 18.1 5 140 1000 90.7 - 14,537 
Nd3+ 950 56.3 21.7 12 170 1000 96.3 - 24,475 
Pr3+ 950 59.8 23.4 12 900 1000 95.8 - 32,040 
Bi3+ 950 46.2 17.3 3 483 1000 86.5 - 15,872 
 221
Chapter 7                               Photocatalytic and Microwave Dielectric Properties of nano-TiO2 
La3+ 950 60 22.5 8 306 1000 95 - 11,576 
Ca2+ 950 52.6 21.2 6 531 1000 94.4 - 11,799 
Ag+ 950 63.3 19.7 6 840 1000 95.3 - 14,295 
Sr2+ 950 56.4 26.4 14 323 1000 97.2 - 13,363 
Ba2+ 950 57.4 20.2 7 811 1000 96.7 - 13,281 
7.4 Conclusions 
Homogenously doped crystalline anatase nano-TiO2 ceramics were synthesized using 
a continuous hydrothermal flow synthesis (CHFS) system, resulting in extremely high 
surface area nanopowders with surface areas in the range 231- 323 m2 g-1 depending 
on the dopant. From the eighteen dopant elements that were used at l mol% levels, the 
Zr4+, Nd3+, Zn2+, Ag+, Y3+, Pr3+ and Er3+doped materials were particularly good 
photocatalysts for decolourisation of MB. In the case of Mn2+, V4+, Ce4+, La3+, Fe3+, 
Cu2+, and Ni2+, the photocatalytic activities were substantially reduced compared to 
undoped titania, suggesting that free radical formation was being suppressed.  
 
After partial sintering as pucks at 950 oC, relatively low sintering densities were 
obtained. Despite this, many of powders showed potential as microwave dielectric 
LTCC materials due to their surprisingly high Qf values (Qf > 20,000 GHz at 70% 
density). Materials with low photodecolourisation properties for MB generally had 
better dielectric quality factors. It was postulated that some small size multi-valence 
state ionic dopants (e.g. first row transition metals) can easily fit on the Ti4+ lattice 
and rectify (via charge compensation) possible oxygen deficiencies, which may have 
resulted in conversion of Ti4+ to Ti3+ at high temperature. The MW quality factors of 
these samples were significantly improved after sintering by SPS followed by 
heat-treatment in air. SPS sintered pucks displayed significantly higher Qf values (Qf 
> 45,000 GHz) and densities. 
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The current work has demonstrated that rapid synthesis of titania ceramics by CHFS 
in the presence of various ionic lattice dopants, can greatly affect photocatalytic and 
microwave dielectric performance. In particular, the use of Spark Plasma Sintering 
has shown that very high density of pucks with high Qf can be achieved from doped 
nano-titanias. 
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This project demonstrates that pure nano-TiO2 (anatase) photocatalyst of high surface 
area can be made using Continuous Hydrothermal Flow Synthesis (CHFS). The 
CHFS method has a large potential for varying particle morphology through control 
of nucleation and crystal growth in the heat-up and reaction cycles. Optimization of 
the synthesis conditions may provide the TiO2 particles with a very high photoactivity. 
It has been proved that, through increasing the crystallinity, optimizing the phase 
contents, increasing surface hydroxyl groups, introducing metal/non-metal dopants, 
forming semiconductor composites, and synthesizing other TiO2-derived materials, 
the photocatalytic activity of TiO2 photocatalyst can be significantly increased. The 
thesis has shown that: 
 
• High surface area TiO2 (ca. 290 m2 g-1) were obtained using CHFS method. 
Morphology and photocatalytic activity of obtained TiO2 crystals can be altered 
by changing concentrations of metal salts and KOH solutions, heating 
temperatures, method of heating (presence of band heater or not) and resident 
time. 
 
• Nano-TiO2 (anatase) heat-treated at 300 °C (ca. 10 nm) in air, showed the highest 
photoactivity for decolourisation of MB due to the best balance between high 
surface area and higher crystallinity of this sample. The softening of the Raman 
band (Eg) of anatase with increase in particle size was also relevant to the study. 
 
• The nano-TiO2 prepared in a CHFS system was found to be reactive towards a 
mixed ammonia/argon flow resulting in N-doping and formation of phase-pure 
nitride. The N-doped sample displaying optimum photoactivity (prepared at 
600 °C) had ca. 1.98 at.% nitrogen in the titania lattice. 
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• Surface doping, was achieved by a wet-mixing method, which involves the 
reaction between nano-TiO2 powders and vanadium salt solution. The surface 
modified TiO2 material exhibits superior photocatalytic activity due to the initial 
adsorption of MB on the surface-doped sample is quite high due to the presence 
of anionic sulphate groups on the surface. 
 
• CHFS was also used for the synthesis of extensive and ultra-thin 2D sodium 
titanate (Na2Ti3O7) nano-sheets. High resolution transmission electron 
microscopy of the sheets revealed that the sheets were highly crystalline despite 
their very short time under hydrothermal conditions (ca. 400 ×500 nm). The 
sheets possessed excellent photocatalytic activity for decolourisation of 
methylene blue dye, which is ca. 2.5 times higher than P25 commercial powder 
after 60 min. 
 
• CeO2-TiO2 nanocomposites (typical particle size of ca. 5 - 6 nm) were 
synthesized using a CHFS reactor. The CeO2-TiO2 system with up to 50 mol% 
TiO2 doping yielded a single fluorite CeO2-like phase. The 70% TiO2- 30% CeO2 
(CT7) composition showed the best photocatalytic activity. 
 
• Homogenously and high surface area (231 - 323 m2 g-1) metal-doped crystalline 
anatase nano-TiO2 ceramics were synthesized using a CHFS. From the eighteen 
dopant elements that were used at l mol% levels, the Zr4+, Nd3+, Zn2+, Ag+, Y3+ , 
Pr3+ and Er3+doped materials were amongst the best photocatalysts. Microwave 
dielectric quality factor (Qf) were also examined on the sintered materials. Spark 
Plasma Sintering (SPS) sintered pucks displayed significantly high Qf values (Qf 
> 45,000 GHz) and densities, making TiO2 a useful candidates for the microwave 
dielectric application. 
 
At the end of this thesis, some most photoactive catalyst tests results in each section 
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were brought together and summarized in the Figure 8. All catalysts (except P25) 
were either directly or indirectly synthesised by CHFS reactor. The preparation 
method was stated in the corresponding chapter, which including introduced 2 M 
KOH solution through the third auxiliary pump of CHFS system (TiO2 S17, in Figure 
8.1), heat-treatment of standard TiO2 at 300 oC/ 1 h in air (TiO2 HT 300), nitridation 
of standard TiO2 at 600 oC/ 5 h (TiO2 N 600), surface doping of standard TiO2 in 
solution using 25 mol% vanadium salt (TiO2 V-surf 25%), preparation of Na2Ti3O7 
nano-sheets using 15 M NaOH solution pumping through the system (Na2Ti3O7 15 M), 
CeO2-TiO2 nanocomposites with 70 mol% of TiO2 (Sample CT7), and lattice doping 
TiO2 achieved by introducing 1 mol% Sr2+ ion. A commercial photocatalyst Degussa 
P25 is used for comparison. All the measurements were carried out in the same 
photo-reactor, at the same condition (except the 1 mol% Sr doping sample, which 
used 6.5×10-5 M MB solution for assessment), using same method. The reaction rate 
was calculated base on the dye remaining concentration after 4 h visible-light 
irradiation, except for Na2Ti3O7 by which the dye was completely removed after 60 
min. By using different optimization methods, the obtained photocatalysts indeed 
exhibit significantly improved activity from the standard synthesised TiO2 sample 
(S1), some of which exceeds the P25 and others process a comparable activity. In 
particular, the sodium titanate nano-sheets (Na2Ti3O7 15 M) possessed excellent 
photocatalytic activity for decolourisation of methylene blue dye. This is only an 
initial experiment of producing and testing the nano-sheets. More detailed 
characterization along with other photocatalytic testing methods (such as water 
splitting, oxygen evaluation, etc.) will be continued to carry out by other colleagues in 
our group at UCL. The above result gives a good response to the initial hypothesis of 
the whole work. 
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Figure 8.1 A summery of photocatalytic reaction rate of some most photoactive 
catalysts prepared and reported in this thesis. All tests were carried out at the same 
condition*. P25 was also used for comparison. A brief description of each sample was 
given in the above paragraph. 
 
*Note: “Na2Ti3O7 15M” was assessed with the light irradiation of 60 min, and others 
were all irradiated by 4 h. “TiO2 Sr-1%” were assessed by photodecolourisation of 
6.5×10-5 M MB solution, and others were measured using 6.0×10-5 M of MB. 
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• Current method for synthesizing nano-TiO2 powders results in high degree of 
agglomeration. It would be therefore be advantageous to develop viable 
modification methods to avoid the particles agglomerating, e.g. adding polymer 
surfactants into the CHFS system. 
 
• It has been demonstrated that the photocatalytic degradation activity of a 
photocatalyst is mainly dependent on surface hydroxyl groups. Therefore, 
quantifying the surface hydroxyl groups of CHFS synthesized products and 
relating it to the specific surface area value is important. 
 
• Although the development of a Na2Ti3O7 photocatalyst with a unique morphology 
(nano-sheet) has been a success, further investigation the properties of materials 
is still necessary. Studies including more detailed phase identification, 
thermostability, and the mechanism of photocatalytic degradation of organic dyes 
need to be carried out in future. In addition, it worthy trying to make more novel 
non-TiO2 based photoactive materials using CHFS method. 
 
• The vanadium surface doped TiO2 sample indeed exhibits superior photocatalytic 
activity towards decolourisation of MB dye. However, the mechanism of how 
vanadium ions contribute to the property enhancement was not demonstrated. 
This could be investigated further by identifying the chemical states of vanadium 
ions on the catalyst surface. 
 
• Current method of using MB as a model dye for photocatalytic degradation study 
can lead to erroneous conclusions if there’s a lack of oxygen during the testing, 
and it is hard to achieve in our currently used photocatalytic reactor. It is 
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necessary to re-design a new testing system and improve the current method, 
making it possible for wide range of dye testing. 
 
• Many materials produced in this work showed high photocatalytic activity by the 
measurement of degradation of MB dye solution. This could be extent further by 
exploiting other photocatalytic applications of these materials, such as water 
splitting (O2 and H2 evolution), novel photoelectronchemical cells, and air 
purification. 
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